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This technical report was prepared by A&I Corpcration of Cockaysvilla,
Maryland and constitutes the final report under U. S. Army Natick Laboratories
Contract No. DAAG17-C-68-0036 and Pr, sct No. IM121401D195. The contract is for -

the in-depth investigation of a low &Iitude airdrop concept for the mass
delivery of supplies and equipment to a point where the concept may be selected
for further investigation. The in-depth investigation was conducted as one of
two coordinated investigations under contract with the U. S. Army Natick
Laboratories and responding to a Department of the Army requireiment for a
low altitude airdrop system for supplies and equipment.
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ABSTRACT

This technical teport presents the rasults of an in-depth explc-atctry
devalopment study of an airdrop system utilizing the rehevery parachtutxs to
zxtract as wel.l as recover the airdr,:p load. The purpose of the study was
to achieve a low altitude capability by minimizing the altitud t,:ss L :-.ti9
th,,t time that thd toad clasrs the aircraft until an acceptabl' impact vý,I ,
is achiev•.d. During the study, mathematical models were develop,-•,3 az'A programm.i 'A

for computer solution which simualated the operation of an airdrop system. ..
analytical tool, coupled with i.xperimental data drerived frcm a 'UmLntid fligt
test prcgram, was utilized to conceptualize a configuratlon for an airdrop syst:r
and predict its theoratical performance. From these studies emerge-i an u-de=,
standing of possible cont1gu--'ations for a low altitude airdrop system em!oy'..sg
the. recovery parachutes for extraction.
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I. INTRODUCTION

EXTARP (Extraction by Inflation Aided Recovery Parachutes) is a concept
for an airdrop system where the main parachutes, in addition to controlling
the descent velocity, are also used to extract the cargo from the aircraft
This contrasts to the standard airdrop system where a separate parachute is
used to extract the cargo. The initial step in the sequence of operational
events is the deployment of the main parachutes. When first deployed these
parachutes are reefed to reduce the drag forces, and at this condition,
extraction of the cargo from the aircraft occurs. Shortly after the cargo
clears the aircraft, the parachutes are disreefed and application of the
parachute forces is transferred to the cargo suspension slings. Whlen dis-
reefing occurs the parachutes inflate rapidly to their maximum drag configur-
ation and the system decelerates quickly to a safe descent velocity. The
rationale for this airdrop concept is that it minimizes the elapsed time from
the point where the cargo clears the aircraft until it is descending at a
safe touchdown velocity. Thuo, the altitude loss before a safe descent
velocity is reached is also minmized and a low altitude delivery capability
is obtained.

The purpose of this program, Contract DAAG17-68-C-OOb6, was to conduct
an in-depth exploratory development of this low altitude airdrop concept.
Extraction of the cargo using the recovery parachutes is not a new concept
and the ability to airdrop cargoes of special variety using this technique

4•• has been well established. However, the feasibility of acquiring a low
level airdrop system that could be applied to general cargo use has never
been established. It was first extensively analyzed by this contractor under
Contract DAI9-129-AMC-846(N). During this program mathematical models were
developed and pcogrammed for computer solution which simulated the operation
of an airdrop system. This analytical tool, plus, experimentation data
derived from a limited test program made it possible to conceptualize a
configuration for an airdrop system and predict its theoretical performance.
From these studies emerged an understanding of possible configurations for a
practical low altitude airdrop system which employed the recovery parachutes
for extraction. It was indicated that a reefing technique would be effective
for controlling the level of the extraction forces as well as protect the
fragile G-IIA parachute from destruction during the initial stages of the

Strajectory where absolute velocities are high. The need was recognized for
force attenuators to reduce peak loading due to parachute snatch and opening
shock forces. The use of inflation aids to reduce parachute inflation time
was desired, and lurther, extraction of the parachutes from the airplane was
recognized as a problem of principal concern. This program was addressed to
the task of developing practical answers for these problems so that designs
might be established for a low altitude airdrop system that can be used
for airdrop of general cargoes.

Component and system designs were generated based upon the findings
of the previous studies and general knowledge of airdrop techniques. A test
program was conducted at El Centro, California by the 6511th Test Group in

1!
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cooperation with AAI to examine the performance characteristics of different
designs, Thirty-five (35) airdrops were accomplished of cargoes ranging
from 3500 to 25,000 pounds. Originally it had been planned to airdrop cargoes
up to 35,000 pounds and concluce the program with a series of demonstration
drops from a 500 foot altitude. Circumstances led to a curtailment of the
test program before airdrops of Lhe 30,000 and 35,000 pound cargoes could be
achieved. Also, most of the demonstration airdrops from a 500 foot altitude
were eliminated and the only airdrops performed at this altitude were for a
15,000 pound cargo. The mathematical models developed in the previous program
were checked against the empirical data derived from the tests and refined,
where necessary, so that good correlation of the theoretical and empirical
data was obtained. The mathematical models were then used to run parametric
analyses where the effects on performance of varying individual parameters
were computed, plotted and analyzed. This analytical process, insofar as
possible, was kept current with the test program and the results used to
indicate which component items should be varied and in what manner for sub-
sequent tests. In this manner the program has been used to examine the
feasibility, establish practical designs, and predict the performance for
this concept of a low altitude airdrop system.

In addition to addressing the basic problems of design and performance,
ancillary systems considerations were analyzed in detail and the results of
these !tudies presented in various technical reports. These subjects
inzIt, ed systems reliability, aircraft and operational utilization, sensitivity
analyses, maintainability, safety and economical factors.

This report presents the principal findings of this program. Since
the effort has been rather extensive, it is impractical to report here much
of the details which substantiate these findings. These details have been
included in other technir•:l reports and reference to this material is provided
throughout this report,

A
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11. CONTRACT REQUIREMENTS

A. System Performance Goals

Orientation of this in-depth exploratory investigation shall be
towards achievement of a system capable of use with U. S. Army and U. S. Air
Force rear loading cargo aircraft under the following conditions:

1. At aircraft altitudes below 500 ft. above the terrain.

2. At aircraft speeds from 110 to 150 knots. Compatibility with
lower aircraft speeds down to 40 knots shall be investigated
for possible applications.

3. With horizontal impact velocities not exceeding those of the
present system in ground winds from 0 to 15 knots.

4. In operations employing mass formations (30) of aircraft air-
dropping single and multiple cargo units.

5. With the fewest possible restrictions on drop zone character-
istics such as size, unobstructed area, flatness and texture
of terrain.

6. With a nominal vertical cargo impact velocity of 23 fps and
Sa maxitrum of 28.5 fps at any terrain altitude between 0 and

5000 ft and simultaneously at any air temperature between
-65 0 F and 1000 F.

7. Without modification to the cargo other than minor modifications
which can be accomplished wlthout special equipment.

8. With a reliability of .995 and an accuracy C.E.P. of 100
meters from the selected impact point.

9. For unit cargo gross weight from 2000 to 35,000 pounds on
present airdrop platforms and developmental aircraft unloading
kits.

10. With a minimum requirement for special training of usingtroops.

11. Without modification to airdrop aircraft other than those that
can be accomplished as a minor retrofit.

12. Without reduction of the present allowable cargo size envelope
for each type of aircraft.

13. Without reduction of present aircraft utilization for airdrop1' or interference with paratroopers jumping after cargo.

13
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14. Under adverse weather conditions as outlined in AR 705-15.
Noting that -800F is chanxed to -65°F.

a

B. System Design RequirementR

The final system must incorporate the following design requirements:

1. In-Flight Requirements

a. Load factors on the cargo and system components must

not exceed the following values until initiation of the airdrop sequence.

(1) Forward 4.0
(2) Aft 1.5
(3) Lateral 1.5
(4) Up 2.0
(5) Down 7.1

b. P'resent rigging for inflight cargo restraint shall not
be significantly changed.

c. Metal components in the extraction subsystem shall have
safety factors of 1.65 ultimate for cargoes with extracted weights under
25,000 pounds and 1.75 ultimate for cargoes over 25,000 pounda. All other
metal components shall have a safety factor of 1.65 ultimate. The yield
strength for all metal components shall be at least 90% of the above required

ultimate strengths.

d. Tle system shall be usable, within its weight limitations,
for the airdrop of all Army material which is now airdroppable.

C. Specific Contract Requirements

Under this contract, detailed functional, operational, and economic
analyses of the system, bench and scale model tests, breadboard hardware
design, -abrication, and full scale flight tests shall be performed. These
analyses shall determine the degree of conformity to the goals, requirements,
and characteristics of the system herein described.

1. A complete review of the reports prepared under contracts
DA-19- -AMC-846(N) and 851(N) along with familiarization of 'the work per-
formed in the preliminary exploratory phase shall be conducted. This
information combined with the concepts of inflation aids, extraction by
recovery t rachutes, and vent reefing techniques shall be optimized for the
low altitude airdrop system.

a. The following components shall be investigated for
reopt imnizat ion:

4 a



(1) Inflation aids (inflactors or other) -determination

of configuration, numb.4r and size shall'be *Va2.UattA.

()Reefing line r d-tu,, vcý-vry pare,-chut' st-ft:'ng
line length u5tid duritg _tat.ton phasc.

(4) R-.- f in& line cuttt-ts eftetmit nin saýt.-m
df-lay(s).

(5) Oscillation damping parachute -'det'.rmin-ý n.i- J,
configuration and siz-_.

b. Computer studies, ;prformaný: analysis, scale mod.2.' t.tuts.
and full scale drops shall be used. 7

2. Three aircrafto the C-130, C~-141 and, C-SA shall. b inv&-'is~ivit':
to dtiterminei the differing characteristics of each that w1_11 st-Sniftc~ant1.y
affect the results of the itudies and analyses perfor-med on t~hft systemt.

3. Single cargo airdrepb intermittpint cargo aitdrop from a s2.nglcf
aircraft, and rnultipl,- consec-utive. cargo atrdrcp fro~m mass fc-umatioris ('0
ai.rcraft) shall be investigated.

4o Aircraft saf~ity shall, at *1.1 t imisa b~ consid~o'tFd in thk
lesign of all components. Analyses shall b(- pcerfoTTF,.d to el~mý'at~ 8.nv
possibility of an-Pvent jeopardising flight sPt. Countermeasdrft sha!.l
also be incorporatft to coun~tevact any systcm f.l.sthat. may ahf0-ot t 40

Safety.

5. Approximattly 25 to 35 tasts shall b%-! con.du~ted ;,Mclua-ing
flight safsty writs off tests, component: tfsts arnd systemitests. These tests
shall be conducted at the 6511th Test Group', MAP El Co.ntrc, Waitfnxia and
shall culminate in a system demonstration to show faasibility of tht, systkim.

6. Results shall be vresented including trajecteories and bcdy2
motions to determine the6 &ffetcts of the systetr -r-rattin. Thv, sy'stPr,
formance envelope shall bm d.;f~inoed by paramcet*.r var~atlion suc:,h as carg:.
weight, aircraft velocity and altitude, platfrm 1,ngth., c~argo z~g lcz.at:_-,r.
in aircraft, opening timpis and snatc~h forcms U-1, ýC`Lsteped parfictunrs. Tht-ý
results will be corrn4at~id with thvi systfm fligbt test. data to Pre-tvt t-
performance of the eventual. systz~m which could b-ý i .

7. A high d~g~wof r(.liability wl.1 bý' an important conls dr-rsr.ic n
.1n system i~s,8ign.

keep costs .to thý- low's posbelvlcnL--~~ mti ~ rm-west goabe ~~ on~t.t* m:vs. -Opm-
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9. A thorough t-iada-off analysis shall be performed consider-
ing che effect of variation ,.,f thM detailed paramaters. Also, a sensitivity
analysl.a and maintatnabi1ity w~~y shal.l be performAd for the system.

10. Technical Inte&attoen and Evaluation input data raquired
consists of:

a. Identtfication of all ev6nts j

b. Projection c! e•lapsed times, maximum forces, gross
rigged weigS: and expected lifetime of systhm I

SC. Reliability information

d. Accuracy in!ormation

a. Logistics, maintenance, training, rigging and
deriSgging time data

f. Cost infix'mation I
g. Safety and malfunction

h. Snsistvity analysis

LI
" 6 3



IIT. SYSTEM DISCUSSION

A. System Definition

The in-depth study conducted by AAI Corporation employed inflation
aided recovery parachutes for extraction and for subsequent descent of cargoes
from an airdrop altitude of 500 feet or less. A general description of the
low altitude airdrop system utilizing recovery parachutes for extraction is
presented in the final report (I) prepared by MAI Corporation for U. S. Army
NLABS under Contract DA-19-129-AMO-846(N). Several additions and improvements
have been made to this system and these items are described in detail in this
section. The airdrop system consists of the following events:

e Pendulum release of the ringslot extraction parachute
0 Extraction and deployment of the recovery parachute
e Extraction of the cargo
e Tip-off of the cargo
e Force transfer
9 Descent
0 Impact

Figure 1 illustrates the basic operation of the system and defines
the sequence of events. The operation of the extraction sequence for up to and

-q including four G-11A recovecy parachutes, including the pendulum release of the
ringslot parachute, extraction and deployment of the, recovery parachutes and
the extraction of the cargo is shown tn Figure 2. When five or more G-11A
recovery parachutes ,are used, a platformeis employed to extract the parachutes
as shown in Figure 3. After cargo extraction and tip-off, load transfer occurs
as illustrated in Figure 4.

Previous studies have revealed the need for improved recovery
parachute inflation, more efficient usage of the parachute deceleration capa-
bilities throughout the trajectory especially during the load transfer event,
and reduction in snatch force to satisfy the requirement of not qxceeding
1.5 g' s on the extraction point. The snatch force is caused by the accelera-
tion of the recovery parachute mass from its velocity at line extension
(illustrated in Figure 2) to the velocity of the aircraft. Investigation of
numerous techniques to reduce the magnitude of the snatch force have shown
that the addition of an energy absorber material, undrawn nylon, in the riser
extension line is the most acceptable in tenrs of force reduction, cost,
reliability, and rigging.

Previous flight tests conducted at El Centro, California on Contract
DA-19-129-AMC-846(N) have revealed that the parachute force decreases to
near zero just after transfer, then rapidly increases as the suspension slings
become taut. This occurrence caused two problems in the operation of the
extraction by recovery parachute system. First, the rapid r.uction in force
Indicated that the cargo was not being decelerated during the force transfer
phase of operation. Secondly, the forces developed in the suspension slings
exceeded the structural limit imposed on the suspension fittings. Therefore,

7
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to resolve these difficulties, undrawn nylon lines have been incorporated i
with each suspension sling to reduce the peak suspension force and mininize
the duration of low force application to the cargo, Figure. 5 and 6 compare
the extraction and suspension slina-force vs time traces with and without
the undrawn lines utilized. The rigging modification required for using
undrawn nylon slings is described in Section IV.C.

Analytical and experimental studies of the performance of G-11A
parachutes have shown that the canopy inflation time is too long to provide
acceptable cargo impact characteristics at altitudes of 500 feet or less. In
the inflation process of flat circular canopies, the canopy inflates from thI
apex of the canopy toward the skirt after the opening shock force occurs. A
typical inflation sequence of a G-11A parachute is illustrated in Figitre 7.

An acceptable method for reducing the canopy inflation time is
the use uf a centerline which pulls the canopy vent down inside the canopy.
The performance of this technique has been illustrated in theoretical and
experimental analyses conducted by AAI Corporation, model tests performed
by Stencel Aero Engineering and full scale low altitude airdrop tests: conduct-
ed by the 6511th Test Group. The addttion o. a centerline attached to Ithe canopy apex does not present any operational rigging probloms and results
in a desirable modification from-an economical basis. Also, the fully
inflated canopy shape of a G-11A parachute using a .95 foot centerline developed
a significantly higher drag force than the standard G-1!A canopy. Selection
of the 95 foot centerline as the optimum length is discussed in detail in
Section IV.D . The shape of afully inflated canopy with a 95 foot centerline is
depicte~d in Figure 8.

Using the previously discussed new components and the extraction of
the cargo by recovery parachutes, the following cargo weight range has been
developed.

Number of ;-11A Total Descent Weight."
Parachutes (Car o + Parachute Weiht)

1 2,000 - 5,000.1
2 5,000 - 10,000 |

3 10,000 - 15,0000
4 15,000 - 20,000
5 20,000 - 25,000
E 25,000 - 30,000
7 30,000 - 35,000

The following parts of this section describe in detail the system
operatiou and required cargo and parachute pre-flight rigging and preparations

for the EXIARP system.
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95' CENTERLINE

FULLY INFLATED G-11.A CANOPY WITH 95' CENTERLINE INSTALLED

15



E. Airdrop Preparation

I. R£tging VT Pav:'.%,%utes

The rigging proedures for the rra'hutqs to bm useid c he
KXIARP system differ,.d frcm the stindari d, tc the addition of threýu components.
Th.se ccmonsints are; (1) dual stags r1. Inf l~n; (2) fcente_.,. i; and (3)
snatch forto atteniaor.

The anal otage reefing line is tistal"Oil in order t. ,r'iduc'.i
&(,ceptabl• forcA levuli during canopy inflation and proviric uni'."zw npFnlng
rates for cluster-d ;ararhutt configurations when m.o.e than four G-ILA
parachutes are used. Ite dual stage reefing tachniqu- tw. bR 1amp.c.yc•• ..s
illustrated in Figurd 9. The first reef diametor is hall un!.tl the twc,
second delay cutters fir,-. The skirt of the cautpy the-in irt.atas to the

second rtifing line diamet-rr onmd it held untl.l thb fcur shconi retifing ;uttersfire.

The pt!A,,zdurss used to install the, dual sta1g resftng ni-ne
are similar to the installation of a standard reefing iUne. The only varLations
that exist are the stowing of the bxcess line ussd tr, hold th,, secon,! %-etf
diamater and thp ;se of tour se'ond reefing -tt'•, to cut tho.. s8on, stagti
reefing line.

A cernt,ý.i-71nc or apex control line has btaen added to tb.,. c'anopy
to provide a more rapti inflation and increased loai carryiag capab..ltty iprby
the parachute. As illustrated in Figure 10, the cant,,rlinoi ccnssts ,f a
heavy nylon web connected between the canopy apetx and the confluinc.i c-f the
risers. The attachment is made at the apex by looping tha suspensicn lines
around a small clevis and then attaching the centerltne to the dvet-is bolt.
The centerline ! ý i ,aus,,s any change to the standard procedures used
to fold the c..opy 1.;,..c the bag or stow the suspension lines and risers.

To limit the snatch force tn accftptabla levels, a multii..ne
snatch force attenuator was developed. This attenuator is installed betwuen
the confluence of the r rs and the riser extension line. It zcnsists of
several undrawn nylon -nes strung beLueen thR two C-11A clevises, with one
endI attached to the ristrs and the other to the riser extension as sh:ý,)? in
Figure 1I. A ten foot length of riser extension wsbbing was rl.Und in
parallel to these lines and tots as a safety lins and stop when the undrawn.
nyl.n has stretched tc. Its desired exte.nsicn. The Gl.A_ clevis attacli.d t:the risers has been modified to accept the mu t!6ne snatch fjrce att,,nuator

in addition to the safety tini.

The snatch force attenuator is stiraed as shown in FPtgXrý i2.
The clevises used to make up tha attenuatzn.- ar-i stowed on the outside of the
bag. Each clevis is tiei t• thf. two bag hanlles -n th&: fora'•i e.d of t'ta
d-ploymint bag. The safe.ty tine and undrawn rylc.n Z.ops ar,-, stowe.d unA,•r
tha flap as shown ar-I ar•: td VJt the aft e.nd crf th% dietplcymPent bag.

16
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NOT REPRODUCIBLE

CLI VIS To
BAG FLAP ,MIA VMS.
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Figure 121
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2. Rgg~g Te c'~,NOT REPRODUCIBLE

systeir'. Standaard xsrrbbing, c -e-J,ý :1E v,' ..- es, r. !~a!. r,.at t:,xrms a, at (.1 -7
ti',eycamb energy a,*.Fsipe--:-'.:, have,- been sc i e e' ssible tý mi'r.'.m~ae ý.e

Scme t:gu t ~.iavare aru ;: hY~a-ges ve.,-e mra -

t 9; fitungs as a9st sIng f:rce att-enaatc:- was Ieeod r~ i;,te

num-oe-r of L:xies use: Fa'ralqj.c t,,. th~e aft Lu~~~ s.. s e-jua' tc t4:%
0- n~umber of var&0~-,tes usei to .eip the tc&4 an,: 0'e -number of L.inec .-sc,ý
parsillel to the fc'-.wsr'! sviensicn sling 'as e 'a'i, e nL'mbe? r.lpt ý-O
ýlse'i. As shown a:.n Yisý'rf 01e U-he aw unv!&W, L, , leg A.:e attacke'j a A
pit ronnectcr at e-nds ustng -.arto siuspers'-'.n '!e-.-scs. The s.ispenalc't

s~ng is ý- --. nect t.. c Otte fr ;r zin s-n~r n ;#e . as shc..in. Oi-.,u
connerflor is atta .e~ t-c the auurpensicn s\ ..nfk ~ e' point an-: the hew.v
zc-nel.~tcr is at~tac'-.ed to, the -,x~zE.uence of- the si.,spenAS n sli~ngs using a' sý.x
fo"-- a-spensiiv, s'2.'g e

Si':,-e -he mia-.i varaclý.ýtes are isel t extract. the -;&rgc-" tke
0-f~~i o tt1- txtra~t '.c-.n~ transrer lIL~es 4..fezs Sig-liC~anly)&~v t.e

st~an--ard system. F4t .ýa '.ý i sc~emat,.ý ofT tle tf.gging of these !.Ines
icr Vt-e standard systou.a and Pl.gure 7.3 sý4, 0-e rigg'-ng !rr the EXIAPP system.
T e ma'-z- d~ffe-rence is ,hat- the e:xtiacrticn It~ne is attachad directly -c- tl-e
t~n-ansfer conneetc'T tn the standard system whereas the ex.trac t4 n -.ne. ale

t'edgeln ~the MX~ARP qy~stem, is attazhied directly to the mat- Iav-tr(
The cnly orhet : argo riggirg ýhange m.e~juired invol-\ ed t~hf

ý-ep.icymert:t c~f the para.-hutes. Fo'r the stan~atri system an,ý the EXIARP system
using s~p *o arA, ivicl~d.ng c-V--st-ers c.f four pra-re--~es, the parachutes are
st--re.4 directly -n the Pa. fc-r c1.usters f>-ar> ive ecr more para:lrý-#.s
a separate ;'latictr -s .sed t- ext-r.8cL t)-e, a".e f'-r the EXIARP systrý.m.

the ;ýe- ,riht errs!.tirn rC4 0e carge involve's 0'~ig t e

attachtng the -irgue pa-ra,-ttr. Aki1 cf t~esc- T:.r -e-,.res a-rc the same as
usejý. 1-.- the carrent,-- al~rdlr: sy'stem.

Restvia- fi ~t te rargc, -;4thin~ 0te al±.zraftt is a cc2.Tr8-.-sEd
is!'gtbe *iual. tail 16ndent/!'re..- system.,~ -.etmwanent vert.L,:a1 -:rs, -aL':-.

YiJ. 0ige on the "a Ils prcvi-;es t~i- nec~essafy ut. res-:ta:.n. The in ler.7 - -zer
l ocks cn the .L4`t haL ral t'~- :e' 4-ýe -re~'' ~-"-.Ughr fraJa. a-ýt

rest'io w2etc-av-'. res ,.~t s a-7-n. r .i.sbiE- by t'e -..a2.s. Ttfe~'
{ 'ýard Lc~.k..s ;rtrc'. fnrrac 9-d a!.t resr .a,.-t a rte-i- 0-e 1, r ha-'4 6!:1 -



released upon approach to the drop zone. The procedures used to engage Che
locks for the EXIARP system are the same as the present system and a setting
of 1/2 g or 1.0 & is used depending upon the length of the platform. When the
parachute extraction platform is used, one lock is set at 4000 pounds to rastrainI " the platform.

The drogue parachute is attached to the pendulum release just as in
the standard system. Like the standard system a 60 foot extraction line is used
as a drogue line with the drogue parachute. For ballist±'i deployment of up to and
including four parachutes, a preinflation break web is attached to the drogue line
and carSo as shown in Figure 16. One end of the drogue liuhe is attached to a large
suspension clevis along with the pre-inflation break web and the confluence of the
bag bridles.

FI
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NOT REPRODUCIBLE

STOWED SUSPENSION UNDRAWN NYLON
SLING LINES

- I

FOUR PIN SUSPENSION SLING CARGO SUSPENSION
CONNECTOR EXTENSION CLEVIS

SUSPENSION SLING FORCE ATTENUATOR INSTALLATION

Figure 13
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* *1

G-11A RECOVERY PARACHUTE FOUR LEGGED
BRIDLE

Is.3

PRE-INFIATION BREAK WEB INSTALLATION

Figure 16
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C. Syat-;im Operation Exr'.tii -2ortn

'.+e nc!a t'roced~r-. us4.1 t,-~:t ansi cv~tract thbe -~
AU jaraý+.utes asisng t~e. "1ý!t:ac~t. -i by nxa'.fls' i Ccnsi~st -A mount :.ng t'ie

!!ýcc'lý;ry parach.ktes on the car&,, and having a. sma'A Irogut. parach.,.t.. I :,s

pendtL.itr rltleased) extract the T.Ecc.-vciry parac~hutes off tbf.e cargo. This bal'
tst.".c t~tr&c~t-&on c~cnc#-.pt hits been usel tcr (-tract tip. tc and LflcLjdL.n&fl c.A r

(>IL1A. rec~ove~y patachuts a uttng s,ýve-r&l. p ~v~'.,us tpsts of: the ex.tý.E.tcn by
ina-.ns alr~rop, t.---hn>'qufi.

Tb.* 'bas~.c pri~r.JCIPlI Of t.ýiJS bý-.AStc.JC ~.trX'aCtrcn conc~-:t
4.s t.- "snatch" thc- recoveIry ps~rachute thrcýAg t,-(, a.rgc ý.ompartmt-nt bofr
th:vbey - time to dT-) a, svz..fciernt distance to I'mpact the. airct.altt ramp.

lretr~~the, extractri cr~e apiplied to thte -r~cove".-y parachutf. bags mrust.
b-, large. enough to d,.Ivelop htgh bag vclocltics, thbus, minimizing the. tlrsnw. fcr
thpý bags to ftXit this aitc~raft. rapi~d ent~ractlion cf the- parachute bags

&lso r.Ivent~s th~e bags from losing excettsive altI~tude, during their dep1.oymc-nt
subseq-ac,,.t t3 their -,.xtrsc!ton from t~h6 aircr&ft. the. use. of too small. an.
exte,!actl-dn pa-rachute. witl. cause the. bags to hit the, ramp and/or the Yr.sý.r

(-!.1..nsi~on line~s ci the r,!,overty parachut-es to -1-,b on the ?amp eg~

To £nsvv.r. rhat suffici.ent force- is developEA by the:dc~~
parachturc- prior tc extraction of the. main parachutes, a prr-.-inflation bt'-.alc
wX..b Is attachead bet,,ween the e~ctract~icn line and th'-ý cargo. Thpe pre-infElation
bt'ýa~k web prevents' motion of the, parachute. bags until the textraction forc#eý
brEta*ks this tie.. Sincp the- pre.., nt-lat. ion break 4.:b is attached dir(-ctly tc
t- car-go, the cargo rc~strar'nt; must be-- set at a force.l'& great-ýr than t-.-
r.ated strengt~h of the pre-inflatic-n break web cr moti.on of the cargo will
r-cur prier to ý-~.traction oi the.ý main parachut.-s.

To summarize the. cperat ionali. d,ýsciript ion of tbrn ball~sr i.c
R. c..!rxaction ccr~tbte. seq.qýnco, cf ewv.~-ts are listp., boe-.Iow and I]llust~ratt-d

gTh xi~e 2, pagf 9.

te. drc~gax-i f~rachutp .s '.nf~g t~hs: rp-ndulum.
vLtleasý- mE_ýhanI.Asm avai~lablc !.r, the C- 1.30 airtraft.

Releast- Of Rec,'i-v.ry Pararhut.'.t rlas

T'-. drcgue- p;ýraczhvtt- r-;s,,ý l- so inc- .s C..nnect(-d
a rx: -tn-'Iat.on b-r--A ttfe or. thý.- cargo. Wheý-. 0-',
&r~ p a'.u -devFeios s,ý;fr: .. "' diag r*ýrct:,~ r-

b~- Ia.k th'.S CII.tEF fcrc-.-..s transt!ý.:r.-d to th-'. recover',,
rieracý.irw- bags ari 4Lnitiatf-s mcŽr ~thestw. bags. Tb'o,
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cargo is restrained by the detente of the rail system
with a force greater than the pre-inflation break
force to prevent cargo movement during extraction of
the recovery parachute.

Extraction Of The Recovery Parachutes

The drogue parachute extracts the recovery parachute
bags out of the aircraft compartment. The bags travel
through the cargo compartment without impacting the ramp
or the aircraft sides. After the bags exit the aircraft
the drogue parachute begins to deploy the recovery parachutes
from their deployment bags.

b. Platform Extraction

Successful tests using up to four G-11A parachutes were
conducted with the ballistic extraction method, but there was insufficient
room on the cargo to store more than four parachutes and maintain adequate
clearance with the surrounding aircraft structure. Therefore, beginning
with the five-parachute configurations, an alternate method of extracting
the parachutes was investigated. In this alternate method the parachutes
were placed on a separate platform which was extracted fromthe aircraft using

the dual rail system.

An eight foot platform was flight tested and proved
unacceptable because the platform rotated out of the rails and struck a
wind deflector plate on the ramp. To prevent this occurrence two separate
platforms were designed to provide the needed deployment capability, however,
neither of these has been tested. The design of each of these platforms is
discussed in Section IV.C. The proposed platform extraction operation will
be similar to that used on the test conducted at El Centro.

The sequence of operation for both platforms is illustrated
in Figure 3 and is described as follows:

0 Drogue Parachute Deployment

The standard pendulum release system is used to deploy
the drogue parachute.

R Restraint Of Parachute Platform During Drogue Inflation

The drogue parachute begins to inflate and applies long-
itudinal force to the parachute platform. Longitudinal
motion of the platform is prevented by the rail system.

28



Ec-A'ever, a "cdtation is indiuned by the forcd -cuple
consisting of the inflating drogue, parachute forcm

4,14~r t.- ~tion 44rc~ h rv~ bl
*:~'tt-i. r.staL' .n rgago'.. at ~:-eestation.

viumbf.rs 709 arvl 720 rp,6 v aganst. th~s couplo', and
any rztt-) from vcuu:'x.--

* Pa t. 1 : t P~., -'rM.MCV-Itff'. t

'!h~ ~~axacht&~ccnt'.rnups r-e Inflate u"nt.1.

i.sAPLoPs a forr:.e ;.ial c. the 7P. st.tralnt v.ittJtng of th~e

* Platffým Platform Extraý:t!-'

I ixa-iuti .atfc'rm th' t,-Iby prvw':nt.'ng lateral mctt '.I
iir:, vg -,xt~raction of the atoi.

40Ma ir, Parc"~ huqDinoen

Th-ý ma in pare.zchutes are, d,-r1.cy-(- frzm the para,ýh-jt4 pltatfc-.111

0 Load Fir-st Movtment

At line stretch of the ma-,.n rarac~hutes the k.ad r(2.eases
from the indent/do'tent l'-cks -wrlich had been set at a
f.ntzal indL-.ted releasp. of 0.5 g's basf~d on thH .oad

40 Recov';ý.rv

T¶.(-- me. n varaz'hures recove~r th.k load and the~ dr,-g'i-
rv;,oxk-rs n)te parachute platfr7-rm.

2. Cargo Extz-lr:tin

*S'-,veral P,-irt.s dut-'.ng thl'.s orý.2-W--al s'-ýquentct a.re
T'.,ýse i~nclude 07ýt- f' al. rirýstraint of zargo t-o &.4trzý'ra&t tý#e parachutes pra'--

f~z and the aftcrcaiit's iafe,-ty. A final &im.'~ at. re~st-::a!iL
frrrc( of tý.e cargo to t~he a4.vcraft is necp-ssarv tr -insurk- that the. 'c-

r$ýquir.-!d fo:r proipi low alt itý:.iý 7Eý-.:ormancr-.. '.-~zw an sy.r- ract-eIcn

(i-1" 'a-et'LietLn dt-n srjue~nfe an I thu c..,:tt-.

':argc, to ý-..*. trnt tC-i*i oarg,,. wil,'I be osiýjc'i im~:arr(2. ~ us
~ :nt~l. 'K . ac !at iring e-,xtratricr bi,.ausr. cof thýý I -;ngOt .c'

1.9



I

time that an extreme center of gravity location change is in effect.
Extraction forces in excess of 1.5 g's are prohibited by the specifications
because of the strength of the extraction fittings of actual cargoes.
Therefore, the operational range for extraction forces is minimal.

The model A/A3211-4 dual-rail cargo handling system used in the
C-130 aircraft included II detent latch assemblies mounted on each side of
the rail assemblies. The left hand side detent latchles are used only for in-
flight restraint purposes, and are manually released prior to approach to
the drop zone. The right-hand detent latches are capable of being 4et at a
variable aft restraining force of 250 to 4000 pounds each. The latch
detents aie spring loaded such that they engage the platform indents when
placed in the engaged position. The platform is then restrained in the aft
direction an amount equal to the force preset into the spring. The detents
will disengage and remain disengaged when the preset force is overcome by an
aft-directed force (extraction parachute) on the platform.

When heavy loads using the longer platform lengths and multiple
parachutes are being extracted, allowances must be made for the frictional
forces between the platform and the rails. This fact was not recognized until
the cause for exceptionally high extraction loads in the four parachute airdrops
was investigated. It was found that emperical data had been generated to
account for this condition and that a restraint setting of 1/2 g rather than
the 1.0 g used for the lighter loads would suffice.

To prevent cargo movement during the extraction of the recovery
parachutes, it was necessary to use an aft rail restraint setting that was
greater than the break strength of the preinflation break web used to restrain
the recovery parachutes to the cargo. The need for the preinflation break web
was to affect ballistic extraction of the recovery parachutes as discussed in
a previous part of this section.

The desired operational sequence in the EXIARP system is that
the aft restraint will be released and cargo movement will begin just prior
to peaking of the.snatch force as depicted in the following sketch.

CARGO MOVEMENT OPENING SHOCK

SNATCH FORCE TRANSFER

TIME
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t 3.Paraclhute. lnf].atL.-n

Tre systemr perf,-marice is e1~f.Y~r~ n ýhe Ln at r the
recrivcry para-ýhutes. ","o rapd&d an infl.atLion cF the pa'-achkit~e ..l.cause
s'.1ructurai diftfcul"61es to~ both the, parach-ito 7an,,)py and t~he :w~rgo e t-cic,-
fitting. Actt~at fligh't test resul.ts cn Oii.s C.rog.a&m h.ave shc-.n that: -ho '.ai-i
Inflation of thp carxop9 cause str..AcuraL 4atl.e e :he oancry P:.

P.eostcon tines. (T'his -:~.~whea a p'a-ta.hute ~ j.:~~~

ptaevnei tu ~o the ma.1fu.-:r~i-i o~f a reef-Ing u.;r)'~. ;::i:a
st-auence is also imp'ortant to the EXIARP sys'em ý&<.1-rrrai e, The. dO~ploNvMCet.
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IV. SYSTEM ANALYSIS MTIIODS

A. General

The developm~ient of an airdrop system for uqe at altitudes of 500 feet
or less has been performed by using several system analysis methods. These
include model tests, deign studies, flight tests, analytical studies, and
systems use studies. A discussion of the results of' each of these studies
is presented in this section.

AAI conducted model tests of parachute modifications dssigned
to improve the performance of the parachute. These modifications included
inflectors, centerlines, and combinations of Inflectors and centerlines. The
results of these tests were uged to predict to some extent the full scale
performance which could be expected using the above modifications.

Design studies %,-re performtd to cOther Improve the performance
of the system or to provide a greater degree of system safety. To improve
the performance of the recovery parachute both inflectors and centerlines
were designed. To provide an %,-ractton means for parachutes used in clusters
of five or more, several extraction platforms were designed. Two safety
devices were designed to provide a greater degree of aircraft flight safety
during deployment and tnflation of the parachute.

In addition to the model tests, AAI conducted a full scale flight test
progrim consisting of two phases. The first phase was a data gathering phase
used Lo provide inputs for the computer analysis and evaluate system compon-
ern. performance. The second phase demonstrated the perforuiance of components
used in clustered configurations and demonstrated system feasibility. The
results of the flight tests are summarized in this section.

Analytic studies were also employed to evaluate the system. These
analyses were made using two-dimensional computer programs developed by AAI.
These programs were also used to study the effect of the various system
paraneters on the performance of the system, and to compare the results of
the flight tests and aiialytical prediction techniques. In• addition, the

effect of high altitude drop zones on system performance was studied.

Studies were made or the operational use of the system and a brief
description of studies in the areas of mechanical reliability, human relia-
bility, and other related ,tudies is given in this section. The complete
discussion of the system uie studies is presented in the T.I.E. (Technical
Integration and Evaluation) report (2).
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B. Model Tests

The purpose of the model test program was to permit an efficient
survey of candidate parachute inflation aids so as to establish those tech-
niques which were worthy of full scale flight tests. The emphasis in thib.
program was on reducing the overall time to inflate the parachute. Addi-Ional
areas of interest were identification of potentlal problem areas and inter-
ference effects with multiple parachute configurations.

Scale effects with parachutes are at best poorly understood. In
particular, it is not possible to apply a linear scale factor to such items
as canopy material thicknesses, material porosity, thread weights, and seam
sizes. These problems are amplified when trying to sCale the dynamic situa-
tion of parachute inflation because the mass, inertia and stiffness of the
parachute are significant parameters. By not being able to scale the para-
chute directly the scaling laws of rigid body motion are not completely
satisfied. The addition of aerodynamic considerations tends to further corn-
plicate the picture. These problems impose some limitations regarding the
extrapolation of data and require that engineering j'idgement be exercised in
analyzing the resulLs.

Since dynamic, rather than steady state, information was the
primary goal, it was decided that finite mass testing would yield the most
useful information. That is, the deceleration of the system as the parachute
is deployed should be taken into consideration since the velocity of the
system will change significantly during the filling of the parachute. The
largest possible parachutes were used in an attempt to reduce the magnitude
of the errors caused by large scale factors. These two considerations led to
the conclusion that data for the present program could best be obtained by
flight tests as opposed to wind tunnel or tow tests.

Past experience, and the literature (3) indicate that for incom-
pressible fluids scaling on the Froude Number is the proper basis for dynamic
scaling, where

Froude No. Inertia Force V
Gravity Force '-

SLg

V = velocity

L = characteristic length

g = gravitational constant

Defining:

= scale factor scale
Lmodel
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then,. for constant

Wm Wf (W a weight)

Vm Vf (V velocity)

t 2 (t time)

a af

am a f (a acceleration)

Two basic cases were of interest: a 5O00 pound cargo with oz-, G-IlA
parachute and a 10,510 pound cargo with three G-llA pIzrachu tes. It was thought
that'these two cases would serve to estAblish the characteristics of the candidate
systews and to represent a reasonable tradeoff between complexity of setup and,,
com,:ltene.os of data. Thereiore, a pneumatic --tapult was designed to 1.iunch a
10 foot diameter parachute and a 3.5 pound c.t~o at a speed of 80 fps. This
corresponds t.. extracting a 3500 pound cargo from an airplane traveling 150 knots.
By designing to these values it was also possible to accome.acdate a cluster of
three 5-foot parachutes with a L.2 pound cargo and deviýop a launch velocity of
57 feet par second. This cor-esponds to a 10,500 pound cargo with three G-llA's
at 150 knots. .

The catapult .s illustrated in the schematic of Figure 17 and the
photograph of Figure 18. The catapult operates in the following manner.
The p"-rachute and load are placed in the launcher support chute and the
pusher arm is placed against the rear edge of the cargo. The cylinder is
pressurized to the desired level with air faom a compressed air cylinder.
At the desired time a latch is released allowing tha piston to move forward.
The Icad is accelerated through a distance of two feet. At this time the
piston passes thp vent holes in the cylinder and is subsequently buffed by
the remaining column of air. The deceleration causes the pusher arm to
fnll out of tha way so as not to interfere with the parachute as it continues
on at constant velocity.

Due to difficulty in obtaining the size parachutes required, a 12toot parachute was the only size available within the specific time frame

allotted to the model test. The 12-foot parachute yields a scale factor of
8.35 on the 100 foot diameter G-1IA parachute. This factor dictates a scale
weight of 6 pcunds to simulate a 3500 pound cargo and indicates that velocities
cf 64 to 88 f• . per second will represent 110 to 150 knot full scale air-
spe-s. Initial tests with the 12-foot parachute and 6-pound load showed
that tEe parachuta was t-oo lightly loaded. It tended to inflate to a flat
configuration rather quickly. The problem was that the conventional parachute
&oaItcng parameter W/CDA ýad been ieduced by a factor of X b-cause W varies
as y' and A varies as P Ience, in order to satisfy dynamic scaling it was
aecessary tý violat> static scaling. Since the inability to scale material
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thickness directly gave an overweight parachute, it was thought reasonable
to increase the cargo weight. This increase would tend to compensate for

j the improper parachute-cargo weight differential and also give a more
realistic canopy loading factor. The cargo weight was arbitrarily increased

i to 9.75 pounds. This increase in weight gave the parachute a more reasonable
opening. However, it can be seen in the data that in general the paraciuttc-:
still inflated to a diameter of about 11 feet. It is thought that the motion
of the parachute is a good representation of the dynamic situation until a
diameter of about 8 feet is achieved. After this point the system is moving
so slowly that the situation is more nearly static than dynamic and the

f effects of the light canopy loading are being felt.

The unmodified 12-foot parachute weighed 1.69 pounds. Together
with the 9.75 pound cargo this increase in weight over the design weight for
the launcher limited the launch velocity to about 50 feet per second. This
corresponds to a full scale speed of 85 knots. While this velocity is some-
what below the true operating range, the effect of testing at the lower
velocity should only be reflected in the magnitudes of the filling times and
not in cheir positions relative to each other.

Four parachute configurations were tested: unmodified, vent pull
down, inflector, and vent pulldown plus inflector. For these tests control
line lengths of 12.25 and 11 feet were used. Significant differences in filling
time due to a change in line length were not apparent. The inflector concept
has been tested by Stencel (4) and shows promise of reducing inflation times.
The inflector design was based on the size recommended in Reference (4) for
the G-1IA parachute. Lack of time precluded testing of different size
inflectors. The vent pull down plus inflector configuration was simply the
addition of the vent control line to the parachute with the inflectors.

A total of 29 model tests were conducted. Several tests were
eliminated from cu,,sideration because of a sudden head wind which gusted just
as the parachute was launched. Others were eliminated because of fouling of
suspension lines or a severe twisting of the parachute which hampered open-
ing. These problems were probably due to inconsistencies in the launch and
in parachute packing. If the push rod was not aligned with the cargo center !
of gravity, the cargo tended to tumble in flight. This in turn could cause

some twisting of the lines. An attempt has been made to consider only those
tests in which a clean launch was made and in which there was essentially no
wind.

The following table gives the average times to inflate the parachutes
to 4-foot and 8-foot diameters. It is thought that these two values give
a reasonable measure of the relative merits of the various inflation aids.
As previously stated, it is doubtful that the results should be considered
beyond the time to inflate to an 8-foot diameter because the velocity is
reduced to almost zero and this obviously does not simulate the full-scale
condition. The 8 feet also corresponds to the approximate diameter of a 12-
foot flat circular parachute in a steady state descent.
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PARAC%=UE FILLING "ZIMES
rim,-,, -sopC

Pd~a•'•:: •:p"•.Psarahu,.. Diamtt•.r

'- F•. 8.., Ft.

U.2nmcd£fie• .46 i6

Vent Pull !:,-4n i, .61

Vent Pull Down & .70lnt ector . j

1t .an bo. seen that all of the `nflation aids signif!cantly reduce•. the time
to ftl. the parachutes, with the vent pull doý,,n technique having the shortest
inflation time. The vent pul.ý .wn was partic-:-arly effective in getting the
infittcn started early and then. maintaining a gccd ratd.

Agreement between dxfferent tests of a gtven configuration is
Sgood -,ith an ex:eption oi ths vent pull down plus inflsctor design. Both the

fastest and the slowest modified parachute inflation times were recorded with
this deslgn. These results suggest that this design may have the greatest
potnrial; but may also be the least consistent, This aspect of the problem
was studied carefully in the full scale tests.

Several two-parachute configurations were launched in an effort to
establish the effects of ths inflation aids on the filling of clustered para-
chutes. As stated earlier, it had been planned to conduct these tests with
clusters of three 5-foot parachutes, but the inability to procure the
rcarachutes within the allowable time frame Limited testing to the 12-foot
units. Structural limitati-ns of the catapult precluded launching heavier
simulated cargoes so it was necessary to use the 9.75 pound weight with the
two-parachute clusters. Since a single parachute was capable of decelerating
•.he cargo at a rapid rate it is tfficult to draw strong conclusions from
tha clustez test data. If one p.ýrachute got ahead off the other durii~g the.
Sfirst tenth of a second of filling, it deceltrated the system very quicklv
and the se:ond parachute did not fill. If the two parachutes started to fill
at the same instant they usualll continued at a fairly uniform rate. A plot
cff parachute diameter verscs timet for a clust•ir of two 12-foot parachutes
with :nfl-ctors is shcwn in Figure 19. The faý't that the filling time is
lngerr than for the single parachute is due artially to some intsrference
egfects 5•tween the parachuites and partially to the fact that with two para-
chutns the system decelerates sc quickly that the mass rate of flow of air
int: the parachutes is reducad. The following table summarizes the general
,rfcrmances :f th, clustaer.d parachutes.
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S... .... Bothei Murctely oejyeachy~te
Configuration Opentd M om ga Badly

Unmodified 1* 1

Vent Pull Down 1 I

Inflector 3

Vent Pull Down 0 3
plus Inflector

* This number designates the number of tests

It will be recalled that the widest variation in performance with
the single parachutes was with the vent pull down plus inflector design. This
result and the above cluster result suggest that this configuration will
present the most problems in full scale tests. The vent pull down or the
inflector holds promise of reducing the filling time of a parachute by a factor
of two. From an operational point of view, the vent pull down configuration is
probably preferable sincs it requires a minimal modification to existing
hardware.
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flgC. Design Studies

Several new pieces of hardware were designed while conducting the
flight tests to either improve the system performance or to provide a greater

Sdegree of safety for the EXUARP system. This hardware included;

0 Multi-line snatch force attenuator
0 Suspension sling attenuator

* Parachute inflectors j
* Parachute centerline
6 Parachute extraction platform
* Fail-safe and breakaway safety devices

Multiline Snatch Force Attenuator

Since the extraction force connection fitthigs on all airdrop loads
are designed to carry a maximum working load of 1.5 g's, the forces applied
to taese fittings by the main parachutes during their deployment and inflation& •must be kept below that limit.

The device developed is shown in Figure 11 and is termed the multi-
ILne attenuator. It consists of four lines of 5/8 inch diameter undrawn nylon
line in parallel ,,dth a 10 foot long safety line. When the parachute lines
become taut during the deployment sequence, force is applied to the undrawn
nylon lines. These lines elongate until the safety line begins to carry the
parachute force. The lengths of the safety line and nylon lines were selected
such that the undrawn nylon line when stretched to 6he safety line length,

had an elongation of 350 percent. This elongation results in a nearly con-
stant force energy absorbtion. The tensile force versus elongation curve
shown in Figure 20 for a one inch diameter undrawn nylon line shows that after
an elongation of 75% and prior to an elongation of 350% the force required
to stretch the line is nearly constant.

Suspensi on, Sling Attenuator

Each suspensionfitting of airdroppable loads is limited to 1.5 g
due to design constraints imposed on these fittings. To limitthe force
applied to these fittings, an attenuator similar to the snatch for.ce attenu- ,
ator was employed. The undrawn nylon lines were rigged in parallel with

existing suspension slings. For the suspension sling lengths used in the
flight tests the undrawn nylon line length was selected to maximize the energy
absorbtion capabilities of the nylon lines. After numerous flight tests the
most desirable combination of undrawn nylon lines was determitied. This con-
figuration was to install two undrawn lines parallel to each aft suspension
sling and one line parallel to each forward sling per parachute. Conrequently,
a three parachute configuration would use 6 undrawn lines on each aft sling
and three lines on each forward sling.

41



r- tI

T r -4.-T

:. -4-4 1 -

4. -~1-:. r

r- 

-. ri_

Fl..

42



The primary nurpose of using these suspension sling attenuators
was to limit the suspension forces to 1.5 gas. However, an additional
requiremeat was to obtain a system which minimized the time interval after
force transfer when no parachute force was being applied to the cargo. In
the present airdrop system significant altitude is lost during the force
transfer phase because the parachute deceleration force is not being applied
during the time required to extend the suspension Rlings. Figure 21
illustrates this occurrence*

Parachute Inflectors

Model tests conducted by Stencel Aero Engineering have revealed
the possibility of decreasing the canopy inflation time with the use of
inflectors sewn into the skirt area of the canopy. The purpose of the
inflector is to generate a radial force component at the canopy skirt and
aerodynamically force the canopy skirt open as illustrated in Figure 22.
This inflation aid reduces the lag time between the rapidly inflating apex
segment of the canopy and the canopy skirt; hence, decreasing the inflation
time and improving the aerodynamic performance of the parachute. To
determine the effect of using an inflector at the canopy skirt, several{ different size and type inflectors were designed.

The first type of inflector inflation aid, shown in Figure 23
used a nylon web to hold the canopy skirt out in the airstream. The web was
attached to the canopy by cutting the suspension line free from the connector
link and piercing a hole on the inside of the canopy. The suspension sling
was then pulled through the pierced hole and reattached to the connector
link. The inflector web was then stitched to the canopy and suspension
line, and the reefing ring stitched in place. Circumferential bands were
added to the canopy above the pierced hole to provide reinforcement for
the canopy. Three different size inflectors of this type were fabricated
for use in the flight test.

The second inflector design simplified the parachute modification
and decreased the fabrication time. Shown in Figure 24, this
inflector replaced the triangular web with a nylon band. The method of
attachment and reinforcement remained the same.

Parachute Centerline

A second inflation aid used was the apex control line or center-
line. The centerline was a heavy nylon web with a break strength of approxi-
mately 15,000 pounds. This line was attached between the canopy apex and
the confluence point on the parachute risers. Figure 10 on page 18 illus-
trates the centerline inserted in the parachute.

43



C)TRANSFER (~CA
PARACHUTES DEPLOYED AND AT R11t 10

STAUTI LINER

TAUT

GXIARP

RiSER WENION LINES PARACHUTE ?AJAEUTSL MGTiPLOTIN

STANDARD



(D CAROC ROTATION CONTINUES -

I8 DEPLOYED AND AT REEFED FORWARD SLINGS TAUT AND
'ION EXTRACTING CARGO AFT SLINGS SLACK PRCUr

EXIARP

RINGSLOT EXTRACTING
cow RECOVERY PARACHUTES DEPLOYED AND

STAND ARD

TRANSFER COMPLETE PARACHUTES INFLATING

PARACHUTES DISREEF

STANDARD

COMPARISON OF EXTARP AND STANDARD SYSTEM FORCE
TRANSFER OPERATION

Figure 21

44



FORCE DIAGRAMj

INMlECTOR

PARACHUTE

FV TOTAL FORCE DEVELOPEDI

F DRAG COMPONENT.

F RADIAL COMPONENT

AIR FLOW SUSPENSION

LINES -

INFLECTOR PARACHUTE OPERATION PRINCIPLE

-IGURE 22 4

45



I-

I'

r

-

- -

-. ii'

-. 'I
i -.

I,
F'
II -- I
N
'I.

UIi t

-
- - - -

Iii
I
I
I TRIANGULAR INFLECTOR MODIFICATION

FIGURE 23

46

I

I



Vr
L

I

L

\ '
'

\\ '
*�b

\ '
'4

- -

''4 --

-. -.

-- - - I

-. � IIg

I;I'
gI
'I

I I
_ * I I

II
-4

I
- '�pV '��T

17

4

BAND TYPE INFLECTOR MODIFICATION
FIGURE 24

47



Ptmvioe studies revealed that using a centerl no reduced the
tnflstLmi time because the centerline carried approximately 30 to 50 percent
of thbe ps2thut* force, hence reducing the force in each suspension line.
-Since the total suspension line force is reduced, the radtal component of S

that force, which tends to retard the outward motion of the canopy skirt,
is -reduced. This results in a more rapid inflation of the parachute canopy.

In addition to decreasing the inflation time, the centerlti.e
increases the load carrying capability of the canopy. This results from the

--change in canopy shape which occurs when a centerline is installed. The
L canopy tends to flatten out and the drag area is consequently increased

provided the proper centerline length is used.

Larachute Extraction Platform

Clusters of up to and including four parachutes have bean
successfully extracted through the aircraft cargo compartment during
previous test programs. However, tite lack of adequate clearance between
the parachutes and the sides of the aircraft and the aircraft ramp when
more than four parachutes are used, required that a new extraction tech-
nique be developed. To accomplish this a parachute extraction platformj - was designed *ad is shown in Figure 25 *This platform consiste$_of two .-

Qtg4ht.foot rail•-- mtions---vth a four- .o~t modular -pin-a-ie ad1+en -

them flush with the fotward end. An aluminum stiffener bar was attached to
the aft and on the rails using two attachment blocks. These samne blocks
were used for attachment of a "V" type extraction line. Restraint of the
parachutes to the platform was accomplished by tying lines from the par*-
chute bags to the rails and to two chains strung diagonally from theS~aluminum attachment blocks to the opposite rail. Flight test of this ,

platform revealed that it was unsafe for use; consequently two additional
extraction platforms were designed. These platforms have not been tested.

The "structured" extraction platform design is shown in
Figure 26 , and is made up from two eight-foot rail sections cut to a
length of five feet. A four-foot modular panel is riveted to the rails
flush with the uncut end using standard rivet locations. This leaves a
one-foot length of rail protruding at the aft end of the platform., This
additional one-foot length is provided for the attachment of the structural
members shown in Figure 26 * It also increases the platform length-to-
width ratio. Although the feasibility of deploying a four-foot long modular
platform was demonstrated and reported by Waite( 5), it is felt that this
increase in length will provide an additional margin of safety in preventing
binding of the parachute platform in the rail system.
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VF The Ctwuctuwal metbers added to titr*platfor'm cousit of moveal
Ttt4 lae -ý hra td tubi. bt rnb hebu#egw

* -withstand the maximum g forces develope by a 28 Cc. rinuslot parachuite,
(This pairac-hut* 1. used for extraction and the recovery of the parachute
plat form.) Tits extraction platform structure provides for shifting the
attaghtumnt location of the 'IV"I type extraction bridle so that the extraction
force to applied directly through the center of gravity of the parachutes
and platform, since the cog. shifts with the change in recovery parachute

IS- numbers

The main- parachutse. are __re strained to the parachute platform.
This f4 accomplished by tying 4000 pound breaking strength nylon web through
the parachute bridle attachment points-and a-round the horisontal tubes,

_ ~The top Taratbut -is mairained by- loope--of 40Mg pound breoking strength
_- nylon webs tied through the parachute bridle attachment points and the

attac~hment point provided In the top of the vertical plates. The restraint
to provided by lootps of 1000-pound break strength nylon cord tied through

* the bag handles and tie-,down rings an the platform.

After the extraction of the platform and deployment of the
main parachutes has been completed, the ringslot parachute recovers the
paaht-pltom n mav _pkht__bg h-tria eoiyo h
a tructufa iptfikmý an~d parachute bats be-in decelerated by a 28-foot
ringslot parachute in defined in the following table,

~M~q, &umfe IgPracUte Termimal Vologit-Y (foas)

6 37.7

7 38.5

8 39.2

The#.* velocities will be low enough to prevent- damage to the parachute
P~afrt

Althotigh the selection of the ringslot parachute has been
based primarily on its ability to recover the parachute platform withoutA
structural damage, its size is also important for proper deployment of thej
main parachutes, As the site of the ring-slot decreases for a given number
of main parachutes, the time to deploy them increases, Since the parachutes
experience the force of gravity during deployment, .he increase in tinms
causes an increase in the vertical drop. 'Tile "sag" could have two
detrimental affects, First, the riser extin'sion lines could rub on theI aircraft ramp edge and be damaged or catch on a roller and pull a section
of rollers loose. Second, the "sag" would decrease the initial altitude
of the parachutes, thereby increasing the possibility of experiencing
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imake-uqaotveltoctfie becattev, tinfiqufilefnt altttude iim~ld Pitint to,
dee-1 V Wt TeCargto. it to thlartrore obvious that it fie extreme~ly

tispvtawt to oxtract and ',Iuploy the main patachutem am rapidly as poxsIble.

The direct extraction design has the. desirable feature that the
he iardwarei required in minimal. Tito extraction platform design in similar

to that proposed for time with LIhe structured platform concept. A four-foot 4
modular section with two raiin; cut to four-foot lengths makes up the
extraction plotform. 11ip retitired tiedowna of the parachute bagis Lo the
platform Akre made tising standard cord v~hich is a stock Item In the U. S.~
itrmy Airdrop Inventory. 7be parachute bags will be tied to cacti othcr througlh
the carrying handles to improve tits tiedown of the bags to the pliatrorm.

To develop thes correct confluence point of the l ines f romn the
bags to the extraction parachute riner extension, a serics of special types
of bridles is used. A typical series of lines and bridles In illustrated
in Figure 27 for a six recovery parachute configuration. For example the
five and six parachute bag stacks have different center-of-gravity locations
causing the location of the confluence point of the bag connection lines to

vary, 4j
The additional hardware needed in the direct extraction concept

is a connecting bracket for the line from the dclvis of the four-legged ~
bridle to attach to the platform. Three connecting brackets are reqluired
to attach each of the recovery parachutei bags in the bottom row of_ -the
parachute stack to tite -platform. ---The#* vonnector-s can ble 4tacihadt h
existing platform structure without modifying th'e modular platform. The 4v4
approximate location of these components and the method used to attach them ekto the platform is shown in Figure 27.

The design illustratod in Figure 28 for those connecting brackets
is typical of the final configuration. The bracket can be riveted to the
aft end of the platform without any difficulty.

In the event that a cargo would jam in the rails during the
extraction of the load, the high forces which would then be applied to the
aircraft by the inflating parachutes would pose a safety problem to the
aircraft. In order to eliminate this problem, a mechanism wasn needed to
provide a parachute Jettisoning capability if the cargo did not move.

To provide this capability a fail-safe safety fitting was designed.
The fail-safe safety fitting is a mechanically operated latching mechanism
coupled with a safety break link designed to separate, and thus release
the parachutes in the event of a jammed load in the aircraft.
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Hidowver i, jin normual, operation, as. the 104~d egstoextract fron the airplane,
-Zthe fit t motion operates a:,ehnc.l ac whii AisJ des ignac to allow

the, f It ting toý acept the full recovery' f orce of up Lb 3.0 g'.

Figure 29 shows a cross-sectional view Or thte safety f itti 118
As can be seen f rom the drawing, it connists -o. fe~nmjrprs Two of
these are end connectors which connect the link in seritea %with the s ys tem.
Neer the. aft end an adapter provides the .neans of attaching the aft end

Zý ~connector to 4,6'th thve braoaI, link. and thse outer lock sleove. The outer
I ock, `1ev conht al nsi, gui14 g'ko-ov Andýthe -fema'le'part. of the locking lugs.
The forwArd. mid ctnnectot 4ttaches to, theine lock.piece.. Thi-s has a
spiral1 catr grobve (týo- providierot&tion for locking - and the male lockingI

'7 `Yug.. 1t- nJ;;bA-as an. intermal',sh`Oulkdor that hold' oeed of the break
link.' Thelladctuatling.ý 'TnevQ 'Itso bt the inner lock piece and. the
ouet er 4 aic sleeve cnhjs qn attachment iloop on the outs2.We to connect a

at at" c, li~ne to th~e A iA ;.r-t. It,!tlso tontainsa'aguide pin which fits, into
Sstr~aight ,groove on' cheouteer loc~k sle~qe and a c~amuiing pin which ridem
in Icagooei theiner',lock piece_..First L.motion of the load causes
the $sLitic tne to meiv'. the. actualing 3leeve f orward and the cam to rotate
th 'ockii* lugs into, engagceme~nt.

10n":ts 'noMal ready position,.the oft y connection between the
"A l :dand the parachutes is throughth lik Ashapntruh
theý utciter lock Sleeve and through the inqer lock pie~ce prevet.its accidental
rotavion And lockup of the lugs.., A roll pin through the outer locking

s~l~v pevnt unwant64d axial mototoa- in the adapter. In order topevn
_Ehe U`t-"from 6,l'oc king bnethe lug haveben rotated into the lock
position a Cunll' leaf spring, is prvddtha". snaps up when the operating
sleeve h As moved through its furll t ravel1 and prevents any return motion,

A'second safet y, cev.,e tade use of an Air Force go-no go fitting,
which:, Vher' used in' onjunctioh with the guillotine cutte~r, would provide
the required jettison capabilitey. Howqtver, to jettison with the go no-go

fit'g he gP.il'lotineo,4t-ter ut,.Mi be manually actua-ted whiirh means that
.t]hesse sotfi sae A breakaway sdety'yfitting waai' designed to
aaL a -faill-safe feature to th~p Jettis~on capiokility..

* "4i un~i) uses the same brea'k link '.Lhat is used. in the
Prev iously7 described safety -2ittings! The link isheld between two _adapters
as~thown x~v Figure 30 .The ý,aft 6-nd connector illust'i~ted q~ Figure 29
is- tid-'das 6eof these adapters

In its nor-iial ready ' '`pos~ition, the. extractioli foi~ce is carried
entire ly, throtih the break Ulnk and the. go no-go .fit t iig, is in the oran
posý.,t~ton, field toge'th,ýr only b'y a sWall shear pin. Astela eisto
move,, the safety fitting ia' carryiJngL 'the extractiob force while the fir's't

motono~th lod s auhgtlý, lan.d to move the 96 no-go fitting
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into its locked position. After trans'fer, when the cutter cuts the *

extraction line, the safety fittinIg no longer has any load and is in effect
out of the system.

*4

If for some reason the load Jame in the airplane, two safety
means exist. A crew member may manually operate the transfer cutter
guillotine, or if the extraction forces exceed 1.75 g's, the safety fitting
break link will automatically break and free the parachutes, since the. go
no-go fitting is in its open position before first motion of the load.

Although these devices were presented to the Air Force for
use during the test program, they were never used. It was felt that the
use of the go no-go safety device in conjunction with the guillotine
cutter would provide sufficient aircraft safety.,

A
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D. Fligbt 'Vfists

Mt A1- p 1sc :".ght~ 1_?S ~rg1t.:SrM unOfl ,ý ab
~ot~e~~L.A tcp :,K :19 t tatr wt.-. &;?L.L.-i r...ig th!.s 1ý. 'ag e hs.

t.est,* tus alf.ty ',#r-lte off t#ýst5s Cc: t~ilts, ani1 syst.!'im
t.,e..1rso~~ bt d.~ b y 2 y 8t~ i r VY zL ~'n 1 b u t

b6Lng run. All nkst,',g -a&& d-ci~ at; tha .6 - ... up, Naviý!. Ai~ a~':.y
El iUentcol Catiforni...* using C-130 ai.rcraft. T!, .,w. l~ae-All~y tlvr-1ý'

aivftan upt t-,TOa rigging of tht% ~ ja~ c&i~g ~La
(it thh n o b. 9 ýl

ground; trv~ismiesiou. an'vi Of L~at tiata by t n
th4cdIýIt,ý trACIing 8 :f cargv-,s. M~t p--11ý -4"i.a! su~r* '~re r 1.
at tho tasr fa'~ility to *e t-.ac . *hp ~a
pqditious meanfý' anvI that Valid. rtsk1s '015"n

Phaaft I tA, thA totst pc-,Srem e-sa~~of a total clf tvalty-lcvvý
tests, av4 'Was i~sign~.d r"ATmeVrl1v as a iatý& ný sp Data I,%et-.

fo-vrancý i thm varicus syste~m cnmponv~nlts as 'v.1 S- -.h saf-.'ty :
s.ame o~f thfcse w ~l'lt'as obtaint;auiJ t1Za ;ihaso~. This ýiata 's

pr~e~dinputs fe- tvaoloff, sensitivity, a-&-: atTnl of m1#
analys&-is.7

Ph&.sFe 11 of tt-i tf.'st program va&s Aj he1~o~~u

rrforman1 of th: system:ompcrante whenu,4'11 in mu!.tipl*"treae drop
configurafti'ns, and t,,7, stet the f-&astb.'tj 0.1 thb- syst-:m., A t..: Ci of-

inr~e atet6mptlng t,: _s7cotirt.~sh the abc-v-.
rom. _ eom atbk which ii~hibitea tlq best prforMz.t1 ýn thil phas-t. I Single an'

dual p~arachute t~sts wuf integrated into a sya~em and th.Ls systhm teastd usIng
cl~usters of thriit to five G-11A r~rachutbs &-v` t~rp G-'12D peza*-hutts. Through-
out the program i-hang--s vv~ne mads to s~v~xali compor~ents to improve the. systems
performance. The prn-.ram -;was to. conclud&c with t.s~~ r~f thc, d&m~o-stratIlxn
airdrops but the early tarminat"'ov -f tha t-';st a f~s~iminated Lhose tests.
Ti.ree low'altituAs pr demonstrt-&.,n Airdrops, horwev,-r, were aacomplishpJ with

U ~~very' encou:ýagtzig !S~

NOT REPRODUCIBLE
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2. Presentation of Resuits

The results Of the tWO PhAseW te~tMpj ane pyasstdý- in this
section. Table I auffmatiess the -toot c1thikaaumtr5 ald list. the, Le49e. in the
extraction and suspension lires duriug ameeU0 tos a well as the horisontal and
vertical impact velocities for a deseset of 5W_ hte.t 2%e d0011 test results
and discussions of the Individual test. wae" OPrsetedin the 110 day status
reparto proepred an thuctisi ekttt OM& 1ugtmA*66fqUVM )Wei U*Klt($)j
fl41705(7),i and VP4170D(O)), The results of tawastgtions inth folloing

mare are discussaed

a. Snatch forces attenuation
b. Suspension sling force attenuation
c . Recovery parachute centerl Ines
d . Recovery paoachuto Inf looters
a. Recovery parachute reef be
f. Recovery parachute line length
S. Recovery parachute extraction platform
h. System oscillation reduction
it system feafitlItty

a. Snatch Force Attenuation
he t ndt4

The firs ant force attenuator con~figuration used con-
sisted of a single length of undrawn nylon line in parallel with the riser
extension line. This attenuator was used an eight of the first nine tests.
The results of these tests vire shown in ?beLn dcaehthesateh-
ftrcessgbri7e iir i attnao exceede" the l.1 extraction force
limit. The film* of several of the airdrops waet studied to determine the
reason for these high forces. These films revealed that the canopy deploy-
ment from the deployment hag was initiated at the begining of the lo aton iof the undraw line01 Canopy depoyen 1141 th Atbewa ipt*piro
-full IxtensIon -of the- undrw~ie tdhne whn-the riser extension became
taut the total canopy cloth mass was accelerated. Due to the total mass
being accelerated at one instant the intrtia forces te sledwere high~er

* than.,expected.

A multi-line snatch force attenuator a~ -designed to replace
the sinigle line attenuator and alleviate the Inn2e of eatly canopqy'4apo
meut. ýThe desaign of this atttnuator was Uici~dLatiL -in -Section IVIC
The configuration used on each teat is described in tablet 1.

The multi-line attenuator was used an eleven of the last
twelve tests in the Phase I test program. In-these tests the number of
undrawn nylon lines used was varied in Attemipting, to filad the beet,'Configuration.
In addition to -varying the attenuftm-ocottfig~tatiions the droguo parachute,
which extracts the main parachutes, was reefed in three of these tests. Since
reef ing tbe drogue paraschute decreases the force applied to the main parachutes
during their extraction and consequently decreases the velocity of the main
parachutes relative to the aircraft at line extension$ the snatch force was
decreased. The combinatfon of reefing the drogue parachute and use of the
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multi-line snatch force attenuator resulted in acceptable snatch force
magnitudes an shown in the following table.

Drogue Reefitig Line (in) ,
Test Description Maximum Force Applied per Snatch Snatch
No____ . Main Parachute (lbs) Attenuator Forea k's)r

2 Unmodified Canopy None/5400 None 2.08

21 Unmodified Callopy None/5.400 4 Lines 1.51

12 85' denterline None/5400 None 2.36

22 85' Centerlfne 148/2430 4 Line 1.47 *
- 10 Inflecter

k1 4-

* This value based on 3300 pounds fur extracted weight.

This table indicates that acceptable snatch force magnitudes

can be obtained 'by using a four line snatch force attenuator and extracting
the main parachutes with 4 drogue force of 2430 pounds per parachute. The: above results also indica-e that the 85 foot centerline case developed a higher

snatch force than an unmodified canopy. The reason for this is that the mass
per unit length of the canony during deployment from its bag is increased, and
causing higher forces.

The multi-line snatch attenuator was used throughout the

entire Phase II of the test. program.

The snatch force exceeded 1.5 g's in only four of the
fifteen Phase Iltests. These tests were the two inflector parachute tests, aF G-12D parachute test and a four G-I1A parachute test. The high snatch force en-
countered in' the inflector tests was attrlbutod to the increase in canopy weight
when the inflectors are added to the skirt. It has been show-, that the carlopy
mass per length is a major parameter affecting the snatch force.

The optimum snatch force attenuator for use with G-12D
parachute had not been determined, and hence, the snatch was high in one ofthe two G-12D tests. Finally, in one of the four G-I1A parachute tests the.

snatch force developed was 1.59 g's and no reason for this increase has been
f found.

t b. Suspension Sling Force Attenuation

The operation and performance of' the suspension sling
a -tenuator has been excellent throughout both phases of the test program. In

f.4
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most cases$ as shown in Table 1, the forces developed during the transferphase have been kept well below the 1.5 g limit for each Suspenaion sltpg

connection point. The number of lines used in each attenuator configur4-
timon o varied throughout Phase I of the test program:in order to determine
the most desirable configuration. This configuration was used throughout
tho the 1stc o ttest

In addition to limiting the force developed in each sus-
pension sling to 1.5 g's, the attenuator was required to develop forces in
the system as rapidly as possible after force transfer. This is accomplished
through the stretching of the undrawtn nylonr lines. As illustrated in.Figure

21 on page 44 , after force transfer is initiated the cargo begins to rotate
and the forward suspension slings become taut. During this rotation no
force can be developed by the standard system until the suspension slings
become taut. Since the andrawn nylon lines are shorter than the suspension
slings, they becoe taut first and the time duration when no system forces
exist is decreased.

c. Recovery Parachute Centertlines

In order to increase the inflation rate of the parachute
a centerline or apex control line wm installed as shown in Figure 10, page 18. A
In an attempt to determine the optimum centerline length, AAI conducted tests
using lengths ranging from 85 to 106 feet on the single parachute tests. The
rebults indicated an improvement in the performance as the centerline length
was decreased. The 85 foot long centerline developed-the smallest altitude I
loss to acceptable vertical velocities. The curves of Figure 31 illustrate
the improved performance.

To determaine the cause of this improved performance, the
16mm film records were studied. The canopy diameter versus tJime curves
developed in this analysis illustrate that the canopy :inflation time decreases
with a reduction in centerline length. Also, the slope of these curves
incr-iased for the shorter lengths causing increased drag and deceleration at
all ttimes during inflation when compared to an unmodified canopy. Figure 32
shows the canopy skirt diame'ter growth with time for an unmodified canopy
and canopies with centerline lengths of 85 and 95 feet.

However, reducing the canopy inflation time causes an increase
in the oscillatory motions of the descending cargo. In the initial portion of
the trajectory, this rapid inflation of the canopy causes a rapid horizontal
deceleration of the system with a correspondiingly small loss in altitude. This
action quickly zedtces the horizontal vclocity of the system close to zero.
The system then begins to rotate with the c:'rgo picking up vertical velocity
much faster than the parachute due to its weight/drag ratio being much higher
than that of the parachute. This action causes the cargo to swing down and
under the parachute and a -iendulum type oscillation ensues. These oscillatory
motions are characteristics of an extractiou by mains system and are readily
observed when altitude loss versus horizontal displacement, of the cargo, is

*• 65 Preceding page blank
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plotted. There is aTR114 prnuod itraetion between these horisonta), ofil.
atasg MAiI the vertical deseent velocity ot the cargo which accounts for the
Oscilletory cbavector of the desoent velocity paramter. The cargo tre.
jectories of figure 33 depict the dffeearees in the oscillatory motion of an
uvmodif ted caniopy and a canopy with an 85 foot centerl in. installed.

To reduce the cargo oscillationsg, the cargo weight was
Increased from 3350 to~ 4300 vouads (rigged weight). The effect of this
increase in canc~y ).ciding ts illustrated in Figure 34. The results of theJ
4300 pound weight test using a caster)itne if I5 feet exhibited the most
desirable perfor~ohce of the vent pull down tests conducted during the Phasee I
portion of the ttst prograu.

To determine the cause'of the reduction in canopy inflation
tin& when using a centerlinv, the ratio of cantsrliss force to riser exten-
asio fowee versus timke'was plotttd for several tests'. These results illus-I
trate that a large- peo.cent of this total parachute dreg force to being
carried by the centerline. "orcee ratio@ from .3 to .5 are comeon as illus-
trated in Vipurca 33 and 36. Thisw manss that the, force in the suspension
linesa is substantially reduced;,U n~ns ,tl~' the force retarding radial
motion of the canopy skirt is greatly redwuced end'the canopy inflation rate
is increased.

Since the boat centerline pwfurece on a single parachute
seat was obtained using an 85 foot centerlti-.s witb a canopy loading of 4500

peadthe f irt tea z conducted duties' the Mae It portion of the teat program
med. we of a elmeter of tkme 641A $I ~a Ws with4 65 foet eeaferllme iLatlled

te dmi~mta se v* aLftog U^4 .b3 b rtu Stst ueselted Ua a toeusnl
Velocity Which exceeded the goal of 21 fest per swcorA. Thi's indicated that
the performance of G-llA parachutes In clusters (of at least three) uming an
85 foot centerline inight differ significantly from the performance of a
single 0-11A parachute using the seine centerline length. Further study of
the single parachute data using an 85 foot centerline revealed that the cargo
vertical velocity beyond a 500 foot altitude lose was continually increasing
during the descent, however, at altitude losses loes than 500 feet the
vertical velocity vat quite low. Apparently In the clustered configuration,
the parachutes were not able to decelerate the cargo to-as low a velocity
initially as in the single parachute configuration. Consequently, the cargo
vertical velocity increased to its terminal value much more rapidly in the
clustered parachute configuration.

FElCetr, Other flight tests were conducted by the Air Force ut theA
-FEl entousing extraction by recovery parachute with a centerline am-

ployed. A study of the unpublished corrected spice position data ganerated
on this program resulted in several plots of the cargo performance. The most
important results were illustrated by the altitude versus cargo vertical vel-
ocity, For several tests with the scm Initial conditions such as aircraft speed
and cargo weight, the curves of Figure 37 ohw that the altitude loss to accept-
able vertical velocities was reduced as the centerline length decreased, The
centerline lengths used varied fras 95 to 115 feet,

*Data supplied by MAUSS. program LIC 5057
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This data indicated that the drag of the 0-11A parachute
was' optimum usfing a./95 foot centerline. Consequently on teat number 29 the
centerlinte length was changed to 95 feet. The results of this teat andI
test number '25 are compared in the plots shown in Figure 38 .In both
oaiats thi aihltr motion appears to damp out repidly. However, the

cargo vertical velocity, using the 95 foot centerline was always less than
23 feet per secoud after first vertical while with the 85 foot centerline
the 21 feet. per asec~ndvelocity was exceeded throughout most of tho drop.
The 93j obt centerl1ine also produced the lover altitude lose to acceptable
impact' cooditiloris.

As ,.statedl above the cargo vertical velocity nevor exceeded
23 feikt per seon~d a)ftetr tirst vertical using the 95 foot centerline. This

indoae~l ha tii ra poixced was sufficient to allow the canopy loading
to be further: $ntrbafed frr~m the 4500 pound's per parachute used. The canopy
loading was,, iitý6roaeei4 to' 5060 'pounds on tests 36 and 39. . These tosts were
4conducted frm.&tan altitude of 500 feet and the impact velocities wer~e 22 and
16 feet-ieiý siacond raspectively.

Since no tests were coafteted during Phase I of the test
prr ~ ~ ~ P.ps ~r~ ~~prchute with a ceater~ine' iostal~ed's, the 1ength of

ihia ecsteiiiii t6 U used on the. G-12D parachutes In Phase 11 was deter-
fizod "alytic~lly, The center line length ",was arrived at by ~wltiplying
the ratio of the total line length for a G-12D parachute to that for a G-11A
ýpatiuchute byithe -centerline length,.84 feet, used on the G-11A parachute.
This resulted in~a 54 foot length. This..:tenterlitne was used on tests 27
and 30. The cargorvertic'al vilocity versus altitude loss plots-are presented
for'both tests in Figure 39 , and like the 85 foot centerline G-11A test
(test numaber 25), high terminal velocitieL. resulted. 'The favorable results
obtained by changing Vie ccnterline lengrzh from 85 to 95,feet on the G-IlA
parachutes is expected to apply to the G-12D clusters as well, but the opp~or-
tunaity to test this effact was not a vailable.

d.Recovery Parachute Inflectors

Two types of inflectors were studied during Phase I testing,
(1) a triangular web inflect~or sewn into the canopy at the skirt as illustrated
in Figure 23 on page 46 ;and (2) a band inflector inserteC In the canopy
skirt as shown in Fi ure, 24 on page 47 . The size of the triangular
iniflector was vairied, and the performance of each size was invistigated. How-
ever, the, insertion of this inflector into the canopy skirt caused deimage
to the caking of the 550 pound suspension lines which resulted in frayed sus-
pension lines w hen the pArachute was airdropped. The baand inflector was
developed to try to simplify the changes to the parachute. AlthougV they did
not give quite the same parachute shape, investigation of the canopy after
eack band inflector test revealed no canopy damage.

The curves of altitude loss vs vertical velocity fo., theA

lnrge triangular inflector and the band inflectýor show that bot'ni nflation aids
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Induce oscillations such that the vertical velocity or thie cargo reached
30 fps or more during these oscill ations, These curves, shown in Figure 40,
also revoul that the eq I IIhbrIum velocity of the cargo is larger than that
developed by an unlnclif ted parachute.

'lic 8 results of Phase I of the test program Ind icattd that
the parachutes equtipped with inflectors had a tendency to prodhce a large
system oscillation. It was felt that the Inherent stability of a cluster
of three parachutes might damp these oscillations and prodluce acceptable
impact conditions. However, as shown Iin Figure 41 lih- expected damping did
not occur. Figure 41 compares the rvie4lts of test number 37, with Inflectors,
tu tout number 29, wlthout inflectors. The inflectors again caused high
system osciltations, thereby, causing the vertical vrlocity to exceed the
nominal of 23 feet per second in many Instances,

Figure 41 also indicates that the Inflectors have no
,ignificant effect on the early inflation procc ;. As shown in the figure,
the shape of the first "knee" is similar for the two tests. Since this
portion of the curve is mainly a fun tico, of the opening rate of the canopy
and the cluster efficiency, it is apparent that the inflector has little
effect on the clustered opening proccss.

Figure 4L shows that the terminal velocity of the inflector
cluster is higher than the unmodified cluster indicating that the inflectors
cause a reduction in drag. The vertical velocity in all configurations
exhibit an oscillatory nature and this is particularly pronounced on the
inflector modified drops. This means that the instantaneous velocity period-
ically reaches values considerably higher than the mean or average velocity.
The curves clearly indicated poor performance of the Inflector modification
in this respect,

e. Recovery 1,i>rachute Reefing

On single parachute .airdrop tests conducted during Phase I
of the test program the purpose of the reefing line is to limit the opening
shock force to an acceptable value. The reefing line length was varied in the
tests conducted from 19 to 32 feet. As expected, the opening shock force in-
creased with increasing reefing line length. The 19 foot length resulted in
acceptable force values when used in combination with the multi-line snatch
force attentuator. The results are summarized below.
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Teat Description Reef ing Line Snatch Opening Shock
h o. Len-,th (It) AttnuaLcor Force (n's)

2t Unmodified Canopy 32 4 .Inen 2.00

11 95' Centerllne 25 None 1.71

95' Centerline 19.. 1 .1.6123 -10Iflco 9 None 1.6t
23 10 to flector

95' CoaterLne9
20 -10 Inflector 19 4 Lineg 1.51

85' Centerline
22 -10 Inflector 1) 4 Lines 1.21

148" Reefed Drogue

This lengtb reefing line was used on the first test, number 25, of the Phase 11
portion e^ he test prosram and the results (See Table I) indicate that the 19

foot reefing line developed an opening shock force well below the 1.5 g limitation.
Although it is required to stay below the 1.5 g limit, it is also desirable to be
as close as possible to the force limit in order to get the most efficient
use of the parachute. By assuming the theory of Berndt and DeWeese (9)applies
for predicting the drag area and the opening shock force is equal to the sum
of the drag force produced by the parachute and the inertia force of the
parachute, a new reefing line length of 23 feet was determined. The new
reefing lino ien, resulted in opening shock forces less than but close
to the • li', •, basod on an extracted weight of 4750 pounds per para-
chute for the remainder of the acceptabln tests with the exception of ti-st
number 35.

A .teond possible problemwhich is shown in the tele-
metry traces of F ee 42 for test 35,was the uneven filling of the parachutes.
One parach'ute, although it suffered no damage, filled faster and consequently
carried it greater load, up to 22,000 pounds , than any other parachute. A
weaker caropy may have failed under such extreme loads. If this performance
is typical, then a second reefing line would have to bi installed to provide
a more een inflation of the parachutes by holding the parachute which is I
inflating faster at a known diameter while the others are catching up. This
of course, would increase the altitude loss to acceptable impact conditions
and could conceivably cause the allowable drop altitude to exceed 500 feet.
The early termination of the test program prevented further investigation of

this area.
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f. Recovery Parachute Line Length

The riser extension line length wae varied during Phase I of
the test program from 20 to 6q feet in 20 foot i".tervals ro determine the most
desirable length. The Snat.ch forces resulting for each different riser exten-
sion length were:

Test Length Of Riser Snatch Force
No. EXtOP-S g on UQ _t

10 60 1.62

I1 40 2.21

2 40 2.08

12 20 2.36

Each of theva tests were similar in the respect that no snatch force atten-
uators here used.

The results illustrate that reducing the riser extension
1 ,ngth increases the snatch force. The forces of the two 40 foot line length
k-,-ato' dV er because a 95 foot centerline was used on Test No. 11. The increase
in staten force with increase in line length is attributed to the dependence of
this force on (1) the relative velocity between the cargo (restrained in
the aircraft) and the recovery parachute in its deployment bag; and (2) the
spring rate of the lines connecting the cargo and the parachute. The curve
in Figure 43 of tho relative velocity versus distance between the cargo and
parachute centers of gravity illustrates that the change in relative velocity
is small for the increased distance along the flat portion of the curve. For
the test conducted, the relative velocity variation for the lengths tested
is negligible and the predominate factor is the line spring rate. Hence,
increases in line length which, in effect, cause a reduction in the line
stiffness, result in decreasing the snatch force.

The selection of the most desirable riser extension line
length is dependent on tne value of the snatch force and the resulting system
performance. Investigations reveal that the shortest length develops the
best performance in terms of minimum descent altitude, and cargo oscillations
whereas, the longest length results in the lowest snatch force, the largest
altitude loss, and the highest horizontal velocities. The 40 ft. riser
extension length has been selected as the most desirable length since this
length develops acceptable cargo impact results and a snatch force value
which can bn decreased by use of a force attenuator plus a reefed drogue
parachute.
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was desNigioed. (Svo Is'iguil'it 2r) p 1e4) ) '1111 IN ineI ohign WA0N 11HI'd Oil I rNL
1111:111k r '13. DiIlu ri g lilt, doer I Ivilwin ill' tIhe pIaLL riorm H1 1 i''t at d forward l lI thts
n i ;T k~l I ( o 111t mrallti nIted Iat era I Iy PtooiigIt to gran o a wiu tivr l ectIor motittted
tgi Ia Ill #l1'V lr1 Ttrm.'ho lo rwn 'd rotAit no WLN can sro by tiii- comiitib I na il
oI'Ilt,1 drotgiie paalult'A11 v kirv't' he hoig appi ied belorw the4 .f'nl er ofl grav Ity of*
(lit, pa~rne~ll tes its MIIowiI be low, amd the lack of verici l'R rvit rc lots0 heing

appIi~ed to tv hotat ttwm .

Center of CraviL'y

App] Icat Ion Point
of lDroiie Force

I lthough retractable vertical restraints were located on the rails at the
posation of the platform in the aircraft, none of these had been engaged.
Were they engageds the reaction force between the restraintd and the
platform could have'prevented the forward rotation.

The lateral, translation which oc-urreci resulted from the
aft restraint force being applied -in the right sid; of the platform only.
The indent/detent locks are locateS on the right rail. One lock had been
engaged in the platform and Lwas set at its maximum of 4000 pounds. As the
drogue parachute inflated It applied force to the platform which was dis-
tributed eve-ly to both platform rails. This force wits reacted byý the
en-aged lock or~ the right hond rail which induced a cocking moment in the
platform. When the drogue parachute force was sufficient-to disentgage the
lone '-ail lock, the plotform rotated because of the cocking moment and hit
the wind deflector on the ramp.

Grazing the wind deflector induced a rotation of the plat-
form about the line of flight of the aircraft. 'The parachutes still deployed
with no tangling or damage a~ad were able to successfully recover the load.
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T'herofore, if no oscillation Is occurring th, vvrtlcalý
velocI ,ty at equil ibr ium it a constant, and, *if )•,CI lata I lIs occurr Ing Lhen
the value of the vertical velocity is constantly varying about. some c-,li 1.1-
brium value. -

The resul Ls for a ,cargo descent with I ittLIc o8ci laLion
are shown in Figure 46 . T'Iacsv res'lts ere for test No. 21 which inclluded
twn T-iO parachutes for redth|tion of the oscillation, and an unmodified
recovery parachute. The wind velocity ,as light, approximately 5 knots, and
the performance which resulted was .excellent. The altitude IJss to accept-
able vertical velocitie.3 wa-4 hi,gher than several of thev tests which Included

centerlines, however, the ait'ude loss was more than acceptable at a value
of 325 feet. The re,4ulting horizontal velxcit.y at equil ibriuwu was the lowestLrecorded, as was the oscillationi angle. . lie re~sults of thiis test are compared
to the performance of the best centerline test (tes,. o 2w~l utiliied

to te peforanceof he bst cntelinetes (te;.:No. 22 wil ;ch uiiean 85 ft c enterline), in F Igures 47,8 and 49, '[e comparative ints

reveal the desirability of the system using an unmodiied'recovery parachute
and two 1-10, parachutes for damping as opposed to a single recovery parachute:
with an 85 foot centerlJie and' a 22% increase in canopy loading. However,
combining the use of ati 85 foot centerliae length, atnd two T-10 o.cillation
damping parachutes, and increasin3 the canopy loading by approximately 20%
should result in the optimum performance.

i. System Feasibility

A major objective of the Phase II portion of the test program
was the demonstration of the foasibilicy of delivering cargoes weighing up to
35,000 pounds at altitudes less than 500 feet. Due to the termination of the test
program the only attempt to deliver a cargo from 500 feet was confined to a
cluster of three G-1IA parachutes extracting and recovering a cargo with a
total system weight of approximately 15,000 pounds. Three tests, numbers 36,

38 and 39, were conducted from this altitude using this configuration.
These tests were highly successful. The only damage incurred during the
tests was a bent platform on test number 36. Space positioning data was
obtained for tests 36 and 39 only. The vertical velocities obtained from
this data were 22 and 16 feet per second respectively. Three tests were
conducted in the heavier cargo weight range (20,000 pounds and above) from
an altitude of 2000 feet. Two tests, number 31 and 32,using four G-1IA
parachutes on a 20,000 pound cargo and dropped st 2000 feet provided little
useful information. High aircraft rail restraint and the early disreef
of one of the pairachutes in the cluster in each test caused the lack of
useful data.

The third test, number 35, using five G-llA parachutes on
a 25,000 pound load was quite successful and the data obtained is both
useful and encouraging. As shown on the plot of the vertical velocity versus
altitude for this test, Figure 50 , the altitude loss to acceptable vertical
velocities was within the 500 foot limit. The horizontal velocity and impact
angle at 500 feet were approximately 36 feet per second and 15 degrees
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respectively. However without specified horixontal velocity and impact angle
limitations, no predication can be made that such impact conditions would be
acceptable.
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EJUVERY PAIUCHUTE EXTRACTION PHASE
(Note: Extvaction im not otie-dimensional as depicted in sketches)

Recovery Parachute ir Deployment Bag

Extraction (drogue) parachute assumed
cago rand n arcraft at iLrcraft speed iuitially.

() rtogecoverY Parachute Extraction Phase
- extraction parachute in fully inflated state and

recovery parachute locate4 on cargo in aircraft.

Parachute lines being
deployed (lines art not fullylI.ttended)

Extraction parachute

Carlo zestrained Recovery parachute
in depioyment bag

(2) Delogvwt of kecovenr Pajch.ute Lines

- the recovery parachute lines are aosumed veightlese duriug
their deployment from the deployment bag

- the line connectins the extraction parachute and -ae deployment
bag is assumed inelastic.

Recovery parachute lines
fully extended Extraction pwrachute

- g,.. ...-
Cargo restrained Deployment bag

(3) End of Recovery Parachute Extraction Phase

end of this phase is defined as the full extension of the
parachute lines, the lines are taut and have not begun to stretch.
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CawG EnR.'iCrIox p3mAn

Elastic lines

Recove~ry para~chute fully daployed
Carsgo. restraino~d in and inflat~ipig

(I) L-D-v-.omq Pro oCrI xrac t.ion

- c.~.iy.nfl.ating and increasing force in lines.

Recovery parachute

Cargo moving iti aircra.Lz

ý,(2) Oaro elase

-the forca developei by the recovery parachute exceeds the cargo
r.~straint forcte ýn the aircraft and begins motion of the cargo
ialiative, to the aircraft.

-the. cargo is constrairiýd in the aircraft from any vertical, motion.

Ramp ed: Reaction force between cargo Recovery
and rampparachute

(3) End of C&rpto Extraction Phaseý

-ter-tinatlton of t~tis phase i.s -,&hin the center of the reaction
force R b weevFrithe cargo platform a.nd the aircraft ramp reaches
the end of the ramp or when the net moment about the cargo c.g.
created by th-- r'Action an! extraction forces changes from~ zero.
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1ARC TIP--OFF RE

*Re~c v-.ry tvaraf.;uki

(LCargc, Rctatc.A. Du nj'-f

C&Tylo vtav,.ýB 4Xd trasa~ ur~ t,_-1fIU~nc. fi C
perachLuti rc.4

canopy in ltic.4~ OnC.nt~ratl-s thrci4hcut this ph&&-

-&gI it~s al.?zrcafr Rscv- : r-oVt ara-'t

(2) End fT~iLOff Phase

-Tip-ctf ptase ,ý;nds whii the. r-;action focýr- at th,ý wnI of. th,ý
ram; bt-comes zero or bctausý the. frort z.de of the plaftcrm
n'cve aft of th- ramp -ýjge.
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2. Discursion of Camputer Input Data

The results of the two-dimensional airdrop computer program

have revealed the importance of correct input data to accuractely predict
the system results. 'i1w input data requires numerous tabular values which
define the parachute diamoter growth and drag charactertistics as a function

• of time, and the parachute lines force versus elongation. the general data
required is a function of the cargo-parachute syrmtem. The nomenclature for
this general input data is defined in the followtng table.

Nomenclature Units Definition

Payload Characteristics

WL lb Rigged cargo weight excluding parachutes

(recovery and extraction)

XIL slugs-ft 2  Cargo tumbling moment of inertia

XKL kb Drag function q CDA

C ft Vertical distance from extraction point to
cargo center of gravity

D ft Vertical distance from platform to cargo c.g.

G ft Pallet length

XLPAL ft Longitudinal distance from extraction point
to c.g.

EPTI ft Longitudinal distance from c.g. to forward
sling attachment point

FPTI ft Vertical distance from c.g. to forward sling

..attachment point '1
EPT2 ft Longitudinal distance from c.g. to aft sling

attachment point I
FPT2 ft Vertical distance from c.g. to aft sling

attachment point:

S ft Longitudinal distance from the initial cargo
position to the ramp edge

XLO ft Initial X coordinate position in space

A
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Nomenclature Units Definition

"YLO ft Initial Y coordinate position in space

FRLSE lb Release force

Recove~gry Parachute Characteris tics

NPARAS -- .,Number of recovery parachutes

WP lb Weight of 3ingle recovery parachute

DCAO ft2  Fully developed drag area of single
recovery parachute

TFILL sec Filliag time.eI

.DEP -- Cluster drag efficiency ka,.tor

Recovery paracqjute Extraction Conditions

'XPLTO ft nitial X coordinate of extra tion parachute

YPLTO ft Initial " coordinate of extraction parachute

WPLT lb Weight of extraction parachute.

WAPLT 1b Apparent and included air weight within
extraccion parachute

XKPLT lb' Extraction parachute drag function = q

XZAGO ft Initial X coordination of parachute., bag

YAGO ft Initial Y-coordinate of parachute bag :

WBAG lb Weight of parachute and bag

XKEAG ib Parachute bag drag function

XL$Ar. ft Half-length of parachute bag

RC ft Flat (constructed) radius of canopy

WLNES- lb Weight of parachute lines (riser and suspension)

and ziser extension

W(IPY lb Weight of recovery parachute canopy

WB lb Emoty oarachute bag weight
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Nomenclature Un1Lt and Dofinltion

•" ...... 'Aircra'ft- Ind Descent, Cond, ttions_

VAC ft/sec Aircraft velocity

DEL degrees Ramp angle

RHO slugs/ft3 Air mass density

YLEND ft Descent distance to impact

These input parameters are primarily dependent on the geometry and
weight of the various components of the airdrop system. Tlhe tumbling moment
of inertia for a given weight cargo can be approximated by using the curves
of Reference (1).

The remaining input datr consist of tabular values desctibing the
following:

0 Individual parachute line tension versus length (e.g. suspension
line tension versus length). Diameter rotiO versus total fill-
in time ratio'

0 Drag area ratio., apparent air mass, rate of change of apparent-
air mass, included air mass and rate of change of included air
mass as a function of diameter ratio.

Force versus Length

The force versus percent elongation data for each parachute line,

including riser extension, riser, suspension, suspension slings and any
additional lines employed such as undrawn nylon lines; is :equired to predict
the stretching of the line during the development of the line tension force.
The snatch force and opening shock are the most importanL forces in addition
to the suspension sling forces. The computer program combines these various

r lines and develops a resultant line tension versus length table. This data

was 'obtained from limited static tensile test conducted at AAI. The resulting
tensile force versus elongation data has been plotted in Figures 51 through
53 for each parachute line considered. In the case of multiple lines; e.g.

twelve (12) risers, e.g. 120 suspension lines; the curves reflect the total
force for each set of these lines.
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DIAHM GROWTH WITH TIMIOR O-1IA CANOPY

DROP 02

DROP #3 -

-ROP - - ---- --4

..

.4
.2 A

.0 - - .. mn -. m.umm..~
04 •. II I

0 .2 .4 .6 .8 1.0
Z- t/t• f

NOTE: THIS DATA WAS OBTAINED FROM READING 16MM FILMS
TAKEN BY AAI.

D - SKIRT DIAMETER

D - CONSTRUCTED DIAMETER0

t n CANOPY INFLATION TIME
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SetcA-A '--AArSIDE VIEW Or 'PARA'W'

ow.,~ method r0 r~solva this film T,-obi.sm is> te ~
canopy are& At thA skirt 4nd getirate xe r vs t.s t 1r iat&. Ecwe*,r-r, i
mnthod was rot tr-.-ýd during the l.imited f't- st pizcgram.

Th~i -urveak of r,.,gur.. 53 pres#ýiv. tle Kfm-.ter grcwt:h viir% L2.mp

thunry o~f Ref irerxe (V~) and B,,ýrnit and (9) 'hT . st~
of rnhn two the,- *atial appri&nýh'-s.

Canopy Drast Ar'ie,

The canopy drag area is d~fined. as the dtag ci n t.Lmi~s the
&Tpa which develops this dtag ooeffi,:tent. r'c.r many aerodynamic sh~.A- a,
datarmi.nation of this paý,amo~t-r is reascnably, A mo~in! can. bo- insart-..1
in a wind tunnel and the !crca rp.torltt or vlslc_-!y d&c.ay data --an b,ý us,,3 t

drg ecus o tftprblrvaasn-ae i-h .`rag Ji4:f-rs; itw n-o.; c
_-ýmputa the drag ccafftcipnt. Kcwz~ver, ap y ifrstrns b

satisfactory itxparimentsl rnethc' has been'*~ ~~ to date to acýurA~tslyI
predict th., car.,:,y drag. Drag da-a, th,ý.ecorr-, Is noxmally gene-:at=! f-rom
eithr flight list cýr captivsi type ta~sr r'isu.t~s..

A -1d va,.riatit'n in~ thb', acie-'dyrnami-. r- ag has b-:zen r~gr
canopies, esps,.A.ally or'sli 4-1t-h -a.nopi~ts rmo as th'.- -_.-aL t~r 7Ys
-irag variatinn is ýu t~o thN- Instabil-ry ý'f tliis rty-ý eF 'a-r~r-.

rtvese ravea1. that ony cins st-at.!naVtly StlabLý.;, *f'-. 1 tr a 41
ý.nopy durir.g ý-iy .AI

*Static sab4.'-.ty -as d17, /do (rarc- c' ofag t~- -z1- mn mp.-
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I

C 0 Statically Stable Ang,"
Of Attack During Steady
Descent

dCM < 0 dI
to 20 30 40

-C-

Thie drag area rate of growth for an Inflating flat circular canopy
Is presented in Figure4-85of Referencel 3 and re-plotted as Figure 56 •f
this report. However, tnasse data do not agree with that obtained by Berndt,
The computer results of each theory are compared and discussed in para 3
of this section. The data developed by Berndt and DeWeese were used to obtain
good computez predictions of the actuaL test results.

AgDarent and Included Mass Terms'

The apparent and included mass terms were discussed in the January
1968 Status Report 1.4) and agreement between theoretical and experimental
values was Illustrated for a fully inflatrd canopy. However, the theory
differs in the rrediction of these mass ,.t s for the inflating canopy.
Figures 57 through 60 illustrates the rea -. ts of the present theories.
Reference 13 has developed the following equations for defining the apparent
and included mass.

m, 99.1 x 106 a D 3 71.71 - (T -1.31)2]

= 198.2 x 106 3mi a ... D3 CT -1.311
r tf 0

-61 3 5/2'

ma 60,.075 x 106 C DoT

150.2 x 10 6 a D3 T3/2
a tf 0
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I

Where:.

rr m1 * included canopy macs lg

.I!: *•I - rate of change of included mafs Rl,,pH/nec

V • ma * apparent canopy mass Oluh :
ma

ma rate of ulhange of apparent mass li/eo

T * dimensLonaless time ratio - t/tr .

Stime to full inflation sec e

D0 o constructed canopy diameter ft

ty w air density ratio - o/o A

The theory of Berndt and DeWeese (9) neglects any apparent mass I
and uses the giometrical equations defining the canopy shape to determine the
included air mass. (The volume is computed for the geometrical shape and
multiplied by the air density to determine the included mass). The resulting
squations are;
for

T < .3 -

3.d d d1 2

ip 0o 2 2 2

for

T> .3

d d2 d d di21 22 3

= ~3b-'

Where:

D• canopy projected diameter ft

dI p .9786 Dp (see Reference 9) ft

d effective skirt diameter ft

if f
di = skirt diameter ftft

h - canopy length ft

P - air density slugs/ft 3

a& b, c are defined in O(teference 9, see page 17
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lxpstrimentaL dete•msnation of these mass terms using fLight
test resuLts is difficuLt, since the inertia mass (maim considered accelerated
0 r deceLirated) of the canopy is Lncreated thereby increasing the retatdSLonf.
(drag) force of the canopy. Writing the equation of mortion of the canopy in
genbtra form iLlustrates this fact.

dt (my) F

m,' ÷hv + T - D

Where:

(m + m + m

• ' ,~.' (in1 +ma +m ) au - - D - ('h1 +,ie)V

and defining term*:

T - line tension force

D a canopy drag force

M a ifitluded mass

ma - apparent mass

•?•M€ canopy cloth mass

v - canopy velocity

a a canopy acceleration

The separation of each term of the equation was performed to pre-
dict the correct values for the apparent and included mass termR for specific
flight tests, however, the results were not conclusive enought to determine
the actual values of these mass terms. Computer studies have revealed that
the equations and assumptions of Berndt and DeWeese result in 'the most accep- I
table performance prediction.
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II
3. Comparison 01" xperimental 6 '1ioratical Results

I Th•'e two-dimensional computer programs developed for use on
the EXIARP program 1ave showm compatibility between the experimental test
results and the theoretical computer results. The theory used to predict
the parachute inf~rrion and drag was that developed by Herndt and DeWoaes.
Howeveri Dr. HeInrichi' work presented in Reference 13 was also investigated,
and the results obtained with each of these theories compared.

The computer program results were compared to the experimental
test data by plotting the cargo trajectory, the altitude loss versus cargo9 vertical and horisontal velocity and the total line tension versus time.
After studying several of these plots, the plot of altitude loss versus cargo

r •-•vertical velocity appeared to beat illustrafe the compatibility of the experi-
mental and theoretical results. Several general conclusions could be drawn
from the comparisons which were matt about the prediction capability of the

_ F computer program and the theory used.

a. Since the parachute cargo system was influenced by the
Swind, the accurate prediction of the impact point could

not be obtained. This area is one which will always
limit the usefulness of the computer program because the
actual wind velocity must be known at the time of the air-
drop if trajectory accuracy im desired.

i b. The oscillatory motion of the descending parachute cargo
system requires knowledge of the aerodynamic damping
coefficients which has not been considered in this study.
Therefore, the true descent velocity profile is not pre-
dicted accurately. The oscillations of the cargo vertical
velocity as a function of altitude are not correctly pre-
dicted, but general agreement is good with only the extreme
velocity values differing in value.

c. The theoretical and experimental. curves for altitude loss
versus cargo vertical velocity were out of phase in many
cases because the parachuta inflation theory of Berndt

S . and DeWeese does not predict the over-inflation of the
parachute canopy. Investigation of the vertical velocity
curves reveals that the deceleration of the cargo decreases
rapidly after full inflation of the canopy. This is illus-
trated in Figure 61.

d. The line tension versus time curves do not realistically
predict the opening shock force when the parachute is reefed,or the opening shock force after force transfer occurs.

The proper skirt diameter and canopy drag versus time is not
available (and attempts to compute this data proved un-
successful) for reeofed parachutes. The force transfer
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phane was eliminated from considerat ion after pr liminary,
anatyitcal investigation shiowed the complexity of pre-
dicting p~erformn ce in. this area.,

Several testm have been analyzed in tltalI and the compatibility
of the Computer and test results are illustrated In a series of- figur es . TV s t'

*numbers 2, 3 and 4 have been studied in-depth and several other tests were
analyzed to confirm the findtums of thiese~ Investigations. Also, considered
were three separate clustered parachute-cargo~ tests inc~luding the 25,000 'pound
cargo test using five G-11A parachutes.

The theories of Refe~rence 'A3 and Berndt and' DeWees'e (9 ),were
used to generate the input data. rhe computer results, revealed the na-ccur-
ac ies -of Ithe theory developed in Ref erence 13 . Using tl1.is theory. the
program generat-ed a snatch force '-f 21,000 pounds compared 'to thie 6850 pound
snatch force actually developed ou test number 2. Further studies revealed
;that the apparent and included mass terms were far too large to gnrt
acceptable line tension forc~es. Therefor'a, the computer Atudies were made
.using the theory o~f Berndt and DeWeese (9)

The theory of Berndt and DeWeese has resulted In re6Awonqb1e
agremen beteented andcomute reslts exept hatthelinetenion

agreement ~~ ~ i b t e n ts ad co p t her results, f e cp t ht thoi e s o
versus time curves generated tecmurprogrm do not agree inshpe
However,, the magnitudes of: the snatch and openfing shock forces -are reasonably
correot. The f oll owing _tabl1e t: a.pares' -f oca-_-reval s -for- tesat --- umbe~s n 37.

-- Test numrfber 2d6. not inalude the _'AA snatah -for,-* attenuator, w das tesRt
number 3 does consied~i a plmnaystch attenuator, a single Jie: an
figuration.

Test NO. Sna tc Force- pnh 'ck-
________Test Computer_ Test_ ovtr

2 6850 6930 6150 7530

3 8000 7890 9000 5800

*These computer runs reveal that the apparent and included mass
terms are small during the initial inflation period, and that the drag force
is only a small percentage'of the snatch force compared, to the inertia force.
Further improvements to tha canopy growth equations must be made to ar%ýount
for the variation in the line tension versus time curve which is ge.ierated
from, the computer program. "Figures 62 and 63 compare experimental. and
theoretical results for tests number 2 and 3.

Plots of altitude versus cargo vertical and total horizontal
velocity were made to compare test and theoretical results. The vertical
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velocity aurvds of Figure 64 illustrate that the equilibrium velocity pre-
dicted by the computer program is high. This is attributed to either; (1)
the fully inflated drag area predieted by Durndt and DiWeess is not large
enough; or (2) the apparent mass at full Inflation of the canopy Is not nore
as was initially assumed. The curve of Figure 65 reveals that more com-
patible results are predicted when the fully inflated canopy drag is increased.

The total cargo horisental velocity and the descent trajectory
of the cargo are the most difficult results to predict. The reason foy this
difficulty is the effect of the wind on the descent trajectory of the cargo
parachute syete&A and the extreme variation In the wind velocity and direction
for alttitudes beal 2000 feet. iasee the oomputer program
is two dlzusioul, the offset of any wind velocity on the deseeut
trajectory is not considered, except for the Increased airspeed of the air-
craft relStive to the ground. This increased aircreft velocity is most
Important in predicting the snatch force that the cargo experiences during
extraction. Plots of the test results for cargo mdt Zon in the horisontal X-Y
plane, the vertieal Z-X and 2-Y plan*** shown the irregular drift of the
cargo during descent caused by the wind variation with altitude and the
instability of the descending parichute. Figure# 66 through 69 compare
experimental results for the cargo total horisontal velocity and trajectory
with actual test results, and illustrate that the theory of oerndt and
DeWeese results in a more correct prediction'of the test results than the
theory of Reference 13.

Possible methods of reducing the effect of the wind on a des-
cending parachute system wear studied by Talley (15). The parachute flight
path is graphically illustrated to show the influence of drop altitude, rate
of descent and the variation of the wind structure with time in Talley's
report "The Zffect of Wind on Parachute Delivery Accuracy". The results of
Talley's study showed that the induced wind error due to drift was reduced
by a factor of two when the desecent altitude was deoreased ftem 1200 teet
to 600 feet. Also, increasing the rate of descent from 18 fps to 24 fps
resulted in a 25% reduction in induced wind error. Hence, the most desirable
airdrop system from a standpoint of wind drift is one which it dropped from
the lowest possible altitude with the largest possible descent valocity.

The criteria for an acceptable horlsontal impact velocity was
initially set at 10 fps plus a maximum wind velocity of 15 knots or 35.5 fps '
as the maximum velocity. This criteria is questionable, since no study has
been performed to determine the horisontal velocity at which tumbling occurs.
The vertical velocity, the angle of the platform, and the angle 4rd velocity
of the parachute relative to the cargo e sme of the parameters affecting
the maximum horizontal velocity of the cargo at which tumbling will not occur.
Since most test drops are conducted at 2000 feet, large horisontal velocities

* The X, Y, Z coordinate system at the test site in which the DZ is
located is used.
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of the cargo and/or high angles of impact do not exist, and hence, no tumb-
ling of the load roaul.. However, at lower descent altitude thiJ problem
Ls move pronounced and must be investigated in detail since no axact criteria
other than "the load did not overturn" exist for dutermining acceptable

Sihorizontal velocities.

S" The compatibility of the computer roauoltm with act•,al Lest
ireoulto io illuetraLed for thrte and iv'u .;-IIA paeachute c•unters in
F[igure 70 and 71 . Tn Vigure 70 the sudden change in the velocity occtur.
at the time of full inflation clearly illustrating the need to predict Owt,
parachute over-inflation. However, the results of both tigures are moNt
encouraging, and reveal that the performance of different parachute cluster ,can be predicted with reasonable accuracy,

The results in this section have been presented to indicate the
degree of compatibility which presently exists between the theoretical and
experimental results. 'lia computer program and the accompanying input data
defined in the preceeding sections hie been used to predict the results for
the detailed system performance ntudy of part 4 A
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4. Sys•tods PI-rion~lnct, Vnvelopt. 4tiKly

1I14. oh j'et Nos of the s4ystem performnntce enve lope stidy
was. to lnlu.y.-ýv thl, tral't•, torv and holy mo tlon of typical cargoes to dett-rm!ne.
th%, ellctm o(1 the ,4vttnii oplrat ion. 'lucere fre, numtrott.- cnnput er programs

were dv•.loplod it an attemnpt to aceurately predict the performunce ()! the
EXhARP 2svsiti. 'h1te a•ceptahillty of thie complter program restil ts was
IIlustrated in thie I.'r,ci.edig part of this section. I1owetver, several crm-

putt-ir Input param•,etrs valotes were determined empirically to arrive at
acCepta ble tiOretCti~i sol u1itilns. 'llieme parameters were the canopy inflation
tini, and the parachult drag aren. For the single Iarachitie airdrops the
iniItt ion t inko obtai nod from read ing the 16nu1 11 films restIlted In go(xl corre-
lat fon if tihe, experiti.tital and theorAtieal results. Also, by dt, ermining the
ave ragte rtie.iI ratt of des, ent rt'rm inve4stigating the cincthieodolite data,
the parachute drag .rea for the steady state descent segment of the tra-
jectorv was compti'td by equating the aerodynamic drag to the sysrem weight.

The determination of the inflation time of C-11A parachutes in
cluster configuration uas much more complex. The use of motion pictures to ob-
tain inflation times was impossible because of the difficulty in distinguishing
the individual canopy skirts in the pictures. This is illustrated by the infla-

tion times read by the film saaders at 21 Centro for the test rsquirirg five
G-IIA parachutes. The .verago time read was 9.05 seconds but the range
of times was 4.76 to 15.2 seconds. nence, another mthod was developed to
determine the inflation ti/it of clustered parachute configuration. Using
the proper corlputer program to analyze the parachute cluster and cargo
performance, the inflation tine was varied until the computer results
matched those of the flight tests. Care was taken to use the correct initial
conditions for each flight test analyzed In this manner with special con-
siderationgiven to the line length and total system weight parameters. This
trial-and-error solution for determining the i-nflation time worked very well
for the flight tests which were successful.

To predict the system performance over the entire cargo
w:eight range, test data was needed for the final EXIARP system selected for
each individual parachute configuration. Unfortunately, this data was not
obtained for several parachute configurations because; (I) the test program
was terminated prior to running flight tests using more than five parachutes;
and (2) the final system components were modified as a result of the cluster
parachute tests which were conducted. As a result of these occurrences only
three tests could be used to empirically compuie thie canopy inflation times.
These tests used a 95 foot centerline and the inflation time versus number
:f parachutes is plotted in Figure 72. Extrapolatiun of the data beyond
five parachutes is questionable, however, this method is the best which
presently exists and consequently was used. The resulting curve is a straight
line defined by the following equation.
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tfm 4.2 0I 0.3 5

tf Canoy tnflation timo as d'zfiv•e by Berndt and
DOt.fta (tim interval from ski:t exiting thn
deol-?1)snt bag to the first davaloprtnt of the

st ~aay-stats cat~py diammter).
4 a - -beq of G-11A parechutqs.

C Ctati*9 of the drag area of the varLous parachuta
t vklý -1 1 -va ce1vil.eated by the fact that th& vortical rate of descent

-1 , h-i.' zar• 1.,ý znt reach a steady state value until the last 1I0 feet
r ! •.is.ý:.t L ths 20W0 foot airdrops wobu usi-& a 95 foot aeuterltne and
hincda, st-#._y sta- ti,.dit/rns were not achLevsd Lx: the 500 foot drops. It
wss hobpd .4tt a cluster afficiency factcr for each clwtered par.achuta con-
figur-ati- ct.- be obtained by rstioing the €luatar parachute d.-ag area
et.- the single parei.h,:te drag arse. Though this computation proved, fruitless,

4 the .ff-i' .f t-he v lustar effic.ency factor on the inflation time computatcio
was LsLpgif-.cant and hence, the inflation tine solatimn developei pravicusly
c-wld be 'Jadd fir this study.

Because of the complexity of describing ths parachute and
".trgo p-.rf.-mzan, a sngSle performance parametr has be-n selected to pre-
ietr thi resulve pr'.iditad by the computer proraims fcr the system performance
wnvelopa. This V.rawater is the cargo vertical vtlocity. Comparison. of ex-
rpuAmintal. inni the:rtical results have shown that the cargo vertical velocity
Is nwt * n.ttive to the wind (with the excptitn of thermals). Other parameters
s'-A•h as c&rgo tra ' inctory &--d liriLsontal velocity er* i 'pertant but the correla-
fltct b4tvaen teat and computse run is good only when the test was conducted in

In ,oing ths cargo vertical velo-ity parameter for thit
st,-y, the Laimtitg va•ue has been defined in the contract scope and the
...acotoab.lity of teach airdrop ( from a vertical Impact standpoint) can be
astartained tlmediatelv. Studies have shown that thoe curves of altitude ¶

Vli ro fus m.rsr ve:i.al velocity for the exparL/.'>tal and theorntical
Sr-.sA1;:s a;- exzr-.n.7 •vll until the se-md ks-a in the cargo traJ.c-3try
,-.;--rs. After thfs point the effect of parachute over inflation especially

.... the #o.tcrlne i-nstalled in the parachu.te causes variaticos In the
,v.r-!sa velocity predicted by the computer progra•s and test results.
W.g.T: 73 illustrates tLi* variation. Therefor&, the point at whi:h tha
a.Lo "7.-Lc, "o.ocity rea:3e 23 fps, betwsen first a-d second knees of tha

,szt rraj-ictory, !hs bear. used to present and compare the expeated system
~ This toL a azown in 71#7;-=e 73.
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b. Rft.'ultI

SThere are numerous parameters which could be Investigater!
In a study of this type with an infintte number of combinations if the
interaction of all these parameters were studied. Thereforo only thoso parametars
have been sulacted which ara the most important basod on past experience.
Previous parameter studies have utsed a general case which had a known set of
initial conditions to analyze the effect of varying different parameters.
In this program two such goncral cases have been used to evaluate the system
performance envelope. These cases will be refered to as Cases I and 11 for
discussion purposes And the partiuunt computer input data for those cusIz is
sutmitar tzed below.

Parameter Came I Case II

Number of parachute 1 3

Type of parachute G-11A G-llA

Cargo weight (rigged) 3500 lbs. 12,000 lbs.

Drop zone elevation Sea Level Sea Level

Aircraft speed 130 knots 130 knots

Wind condition No Wind No Wind

Platform length 8 ft. 20 ft.

Position of cargo in aircraft At A/C c.g. At A/C c.g.

Line length 138.5 ft. 138.5 ft.

Canopy inflation time 8.62 sec. 5.0 sec.
2 2

Fully inflated canopy drag area. 7242 ft 2  7242 ft

Cluster efficiency factor 1.0 1.0

Drogue parachute size 15 ft ring 28 ft. ring
slot slot

Since these studies were performed earlier in the prcgraam
several input values have changed. For example, the cargo weight per para-
chute has been increased to 5000 pounds from 3500 pounds. However, these
general case studies illustrate the effect on system performance of varying
any given parameter. To illustrate the expected system performance, the
actual EXIARP system has been analyzed over the entire cargo weight range of
2000 to 35,000 pounds. The expected parameter values have been used for
this investigation.
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TIm following list of parametcurm haN boon InvoatiJ4aLed tn
determine their offect on Mystem performance,

KGncral Case I was used to invastlgato the .....

canopy loading, W/%oAScargo roloame force

a drogic parachute reefing

and General Case It was used to study the ..... I
* canopy Inflation time

I lino length

* cluster efficiency factor

* cargo location in tits. aircraft prior to releasqu

• platform length
0 aircraft velocity i .•

0 cargo weight

The results presented reveal that the cargo weight, the
line length, and the canopy inflation time are the parameters which effect
the cargo descent and impact performanc-e the most, The extraction force
is Ofeeted primarily by the aircraft speed, the drogue parachute size, and
the canopy loading. A discussion of each of the above parameters is pro-
sented as follows.

(1) Canopy Loading

The rigged cargo weight was increased from 3550
pounds to 4500 pounds for a single G-11A canopy to obtain the Variations
in performance which results when using extraction by recovery parachutes.
The 'ollowing results were obtained:

* The snatch force in pounds was the same £Or. both
weights, and the opening shock increased by only
a small amount (several hundred pounds), however,
the g loading of both forces increased by the
weight ratio (4500/3550) for the lighter weight.

0 The altitude loss to an acceptable vertical
velocity value increased for the high weight case,
however, acceptable velocities were obtained at
an altitude loss less than 500 ft.

0 The increased weight case caused small reductions
in the horizontal velocity and trajectory oscilla-
t ions.
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In general, tie rtatltu appeared acceptable for descent altitude of 4001

or more for an unmodified U- IA. Some concern exlgtu an to the accept&a-
bilitt of the impact angle, which is as htih as 30 between 400 to 600 feet _": •

of altitude Io", and whether the cargo Vill overture At impaet,

(2) Cargo Release Force*

lte computer rqsults illustrate that the cargo release
force has a smtall eWoct on the magnitude of the snatch and opening shock
forces. Thle kollowing table illustrate@ these results.]

Rlease Force Snatch Force Opening Shock

_000 6450 6470
3500 6460 6480
6000 6490 6520

(3) Drogue Parachute Reefing

in -the EXARP system th, Arogue parachute is used to
extract the recovery parachute(i) And not the cargo. Therefore, the require-
ment of the drogue parachute is to extract the recovery parachute(s) in its
deployment bag(s) such that the bag does not hit the ramp during extraction.
The drag area of a 15-foot ring slot parachute was reduced to determine the. effect of drogue parachute esie on the snatch force. The following results......

were obtained from the computer program,

151 RS Drogue Reefing Line Length -P&rachute Snatch Parachute Open-
(eA (ft) Force (lb) ing Shock (lb)

X -

100% None 6450 6480
80% 42.0 6280 6400
60% 36.4 6010 6295

The above results were obtained by reducing the CGA of
the drogue parachute only and not changing the apparent and included masV of
the drogue parachute, which are reduced due to the reduction in canopy volume
associated with a %A reduction. The decrease of these mass terms will tend
to further reduce t•e snatch force.

To obtain a reduction in CDA the ring slot parachute
must be reefed. The resulting reduction in force developed by a reefed canopy
causes a decrease in the relative velocity between the recovery parachute in
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Its.le deployment bag (when extracted by tihe drogue parachute) and the- cargo

-in thle iircraft. 11i1s roultR in a decrease In the snatch force.

One problem associated with reetfing the drogue para--
chute is the drop of the recovery parachute, in its deployment bag, along its
trajectory In thie aircraft during extraction. The hlght of the bag above

the aircraft floor versus the distance the bag travels Is plotted in thefollowing sketch,.•

402
Unreefed Drogue I

! IChute

o 6% CA''~'\\80% D

0

0 10 ~ 2 ~30 40

Distance Parachute Bag Ti.avals in A/C (ft)

Th curves above are conservative-In n _ature, since the initial restraint
(ties) of the bag to the cargo has been neglected. This restraint cause-
higher accelerations than those associated with a no-restraint situation,
and will tend to reduce the bag height loss with horizontal travel.

" (4) Canopy Inflation Time

In analyzing the effects of the canopy inflation time
on the system performance, general case II described previously in this
section was employed and the inflationstime was the only parameter varied.
Inflation times from 4 to 10 seconds were investigated, since this range
covers the expected inflation time of a G-1IA recovery parachute using
the vent pull down technique. (Phase I test results indicate inflation times
less than 5.0 seconds for the 85' centerline vent pull down system, and 8.5
seconds for axi unmodified G-I1A parachute).

By plotting the altitude loss when the cargo vertical
velocity never exceeds 23 fps versus inflation time, the increase in altitude

141



lose with inflation time is leaerly illustrated, @ee Figure 74. Though
the curve is non linear, a transition in the ctrve occurs at approximately
6.5 seconds,wlth the inflation times inver than this value being less
sensitive to time variation than those values greater than 6.5 seconds.
Hnce, inflation times for three parachute clusters (which is being invest-
igated it. Case II) should be less than 6.5 seconds for minimum sensitivity
to inflation time. The change in altitude loss in this time region being
22 feet/second of inflation time.

Selection of shortest time for optimum performoince
is implied by the results presented in Figure 74, however, to select the
optimum time the horizontnl velocity and oscillation angle must be considered.
These parameters increase in value as the inflation time decreases, and could
cause unacceptable impact conditions. However, for the three tests conducted
at 500 foot altitude the cargo Impact was acceptable. The maximum weight
dropped from this altitude was 15,000 pounds.

(5) Line Length

The line length of the general three-parachute cluster
case It was varied for different filling times to determine effect of varying
the line lengt'. The line length variation was kept within a realistic
operating range for the extraction by recovery parachutes system. The case

( studied, included filling times of 5 and 7 seconds and line lengths ranging
from 118.5 to 158.5 feet. The acceptability of the 118.5 feet line length
Is questionable from a flight safety standpoint, however, it was run to
determine its desirability, if any.

Figure 7S illustrates that the lowest altitude loss
occurs for the shortest line length and the shortest inflation time. However,
very li:tle reduction in altitude loss is developed by shortening the line
length below 135 feet.

(6) Cluster Efficiency Factor

The three-parachute, 12,000 pound cargo case was
used to analyze the effect of reducing the cluster efficiency factor or
total cluster parachute drag on system performance. Three differenct cluster
factors were studied, 1.0, .95 and .85 and the results plotted. Thece
resAits showed very little change in the shape of the plotted curves for the
cargo descent trajectory and the alictude loss versus cargo horizontal and
vertical velocities. The altitude loss increased slightly for decreasing
cluster factor; however, the major parameter variation was the cargo-
parachute equilibrium descent velocity. The equilibriu.m velocity varies
as the square root of the cluster efficiency f.actor and for values less than
one the equilibrium velocity Increases.

For low altitude airdrops of heavy cargoes the develop-
ment of steady state descent of the parachute-cargo symtem is unlikely, and

142



4'11

FFI tI
q IT

T-11

* .-4O.~i1~~~ 4 T 4.
1Ji i** 4

4- ~~~~~. I- -l crJl1J§±- 7Th
7: - 1 t .; I,

143



ýT-f

_RJI

.4-4-I K -. iL

;14w

714



NOT REPRODUCIBLE

.)s as in peý:~vmanvi caused by -rvs:s wlt I:It bt sign2a

enuht arrant ths useto a!. ... ~i &a7.1tJ -, wh--,: wol tflC

Vi1Oc%±tI3ý ' An 'A:jOatir% In

* ~~~~~(7) teg ct~~

Aý. fl, 333 : &;-,: -I.: S &,tlt tY

partme-irft of th-t C..)aQrf&TAms ft &':nt most fz4.1  1 :tgr. slttzt7

were- &,tftiz.itae3£ztb. th -% rssiltting a&-n:d.ai' c~arr. ý.½nt'cr .,f grsvtty

And ore,ýnlVg shook ferteta war"ý Lot affeýCt-, 1- 0y1.-. r~rr rosttion ;ertattc~n.
Thnse re~sults rcclx-rz'ii betwaus(-. tht, Stme. Ztaz~a !tigth nis i~s'-Zfore

howv~~t or Crrfssuc~h as th-,-i C-4 atC-5A the mostf~jvjtttl
c £ the eargo, w-"111 rýRuire a longer 1int: la-ngth an.! may .-!ausesigt
vc-7iations tc th-,t ýýxtr.azeion fcr&--ýs and lthLzrc&cctv~-t~, As
Dr.1evicusly discusesd, increasing line, ltsugtbhs may causa tnc-raaseA ttt2
t,)sse~e and hur--zomt1ai tmI~act v&.:,-nttss. Ths fueur ft Lc w a1rat~ r
ddriiviry from cvterstrie ýargc atr,:ralt ma~y hlngr en theý sclut~t'n fto:ý th~s cargo
axtracticn prrb16Am. Coaqprtczsats s.z as thor;rseskb&gr~~~ by
AAI would gneatly rý,duce the work m~z~A3 to destrm4.ne th! systemr --w, v.F

* f!or the extraction cf cargoes rcarrftsuchi as the C0.44!. &nd C>5A.

Invesstigstican ef, thn :mu. rqsults fc~r thezrgo-
locations st-"ile-A r':v'saltd th.-at the system perf3,rmanct'. wass ne~t ffcMby
the variation '-"- cargo position.T~tf~ec in altituj&e ½~ss was le-tss
than 10 feet for the-ý z-sss sitid.iel.

(8) let~rmL'-n.ngth

Th- p1ttom igth using tisamre. we~igtz-,. cargo geag

varied from 1Z tc 20 z4x>t T%-, re,ýsutes shc.ý.-.- ver.-; Ut var:..at½:ýon
* ~~performance. (9 Arr&:vocy

epra~rat aL:craft sp$.A-3-; rangei studied' was ]610

tt- 150 kn~ots for a rdrcj ai a 200 on zag~ hesf::.o
v.C~c ty zithJS Cargo *descezt tra.¾~t. -:y an-' cargo veýocity -'s igi~hr

this spe>3ý ratrge. T, mtiost sISnif-5-cant of~. Viath va-ria- ,i "n I
sj:.,eerLd Is that týQi snatrth ariownfgFCkfresxr, nr~s by atcx
cf` 7..7 whern th6 sp,-i- 4-- .:rý-ase3 f' ".3 ID t'515) knots. IV.S):r

extactontoris L~snatch, £: cutrSystrnin has b:.r .testg.&
elat the afxcwýaft: sr),- c,ý TA) l.:t. Ptirayc':t rr-s.Is.±ý ta- a
`5 ir~rae½te xatnf'5 'csc by tctsn Xa-:t.:sa
f,ý-om &30 kno)ts ti the may.'.mumr of LSOknts



(10) Cargo Wuight

Thu cargo weight parametur Is usud to indicate
the expected performancu or the EXIARP system. Actual flight tests have
demonstrated system feasibility for cargoes weighuing tip to 15,000 pounds,
and have indicated that acceptable low altitude perrormatice may be developed
for cargoes weighing up to 25,,000 pounds. This study has been used to
extend this finvestigation to the maximum cargo weight of 35,000 pounds
to be airdropped at low atlitude.

Based on flight test results and computer
analyses the following cargo weight range as a function of the number of
parachutes was developed. The maximum cargo weight in each weight range
was analyzed in tiuts study.

Number of G-11 Cargo Weight Range
Recovery Parachutes (Pounds)

1 2,000 - 5,000
2 5,000 - 10,000
3 10$000 - 15,000
4 15,000 - 20,000
5 20,000 - 25,000

I6 25,000 - 30,000
7 30,000 - 35$000

Since numerous other parameters are dependent on
the cargo weight, the value of these parameters was varied as the cargo
weight changed. These parameters include:

9 cargo tumbling moment of inertia
9 platform length
* longitudinal and vertical distances from

the extraction point of the cargo center
of gravity

* cargo release force (rail lock setting)
9 drogue parachute size, weight and initial

position

9 parachute bag drag function

The results predicted by the two..diraansional

computer program using the empirically determined parachute inflation
times are presented in Figure 76. The curve for altitude lass to V .1 23I
f ps versus rigged cargo weight does not clearly indicate the minima~
altitude loss for a successful low altitude airdrop since the horizontal
velocity and impact angle of the cargo must be considered. The curve
intersects the 500 feet altitude loss value just prior to 35,000 pounds
for the cargo weight. To achieve a successful airdrop for this maximum
cargo weight the altitude would in all probability have to be increased
possibly to the 550-600 foot region to achieve an acceptable rate of
descent.
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5. High Altitude Drop Zone Study

Since the 111AP system used aerodynamic decelerators
(•ir•-ahut.s) for recovery of airdrop cargons, any reduction in air density
,ý!J. terd to degrade the system performance. For this reason MI has attompted
,.0 overdesign the deceleration capabilities of the luAX system for operation

3 sa level drop tones (standard day conditions). The criterion of never ex-
,•..ng 28.5 fps for the cargo vertical velocity after 500 feet of descent at a

5000 ýoct drop zone and 1000, temperature has been used for determining the
t,-f..?tability of an airdrop. Therefore, most cargoes in the U. S. Army airdrop
tt-ri-'.ory will not require additional decelerators or an increased altitude
Sabo':, the terrain for operations carried out to drop sones of 5000 feet elevation
ai 130'XF temperatures.

To illustrate the degradation in system perforeance caused
by a rduction in air density, a 12,000 poud carp (general Case I1) has been
av:&klzed for drop zones at 5000 feet and 410, 10,000 feet and 2301 and 15,000
fuet and 60F.

r. .res 77 and 78 indicate the system performance variation 4
f-,-' air S*nsities trom a minimum value of .0015 to a maximum value of .00313

S K I S.Ugs/ft . The fig'Ares illustrate that decreasing air density causes the ex-
a •taý.tlon forces and altitude loss to acceptable vertical velocity to increase

and the cargo horizontal velocity to decrease. The altitude loss differs by only
80 feet for the air density range, illustrating little sensitivity, whereas the
c:tra&iton forces are significantly affected by the air density.

The oinat:" .orce is dependent on the true air speed, which,
in -r'n, ts inver ., tfft- ,-& by the air density. The following equation relates
t, •ndicated airspeed, true airspeed and the air density,

VT - A14L

where VIAS - indicated airspeed
VT M true airspeed

air density

o " sea level air density

T.:,ziora, for a constant indicated airspeed and decreasing air density

(-':.:asig altitude), the true airspeed increases causing the snatch
£-•r': to increase.
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V. T.IE. (Technical Integration and Evaluation) Study

SI. Introduction

Ile data requireai by Dunlap and Associatees, Inc., as net
forth in their report entitled "Information Requirements for Technical
Integration and Evaluation of Low Altitude Cargo Airdrop Systems" (16)
has been presented it, AAI Report No. ER-6055 and is sunmnarised in this
section. The data requirements set forth in the above report include
evaluation parameters for specific loads in the U. S. Army airdrop inventory,
performance of specific airdrop cargoes in various environmental and aircraft
drop conditions and additional supplefmntary considarations including relia-
bility, sensitivity, flexibility, signature, residue and ccat data.

The most depirable source of data is from actual airdrop tests.
However, the rumber of airdrop tests w•ere limited and tests could not be
conducted for the specific loa items set forth in the T.I.E. requirements.
Therefore, the majority of the inform-tion r..quirad for the TI.S. report
was generated from computatimnal teohniques. AAI developed a matheomtical
model in the form of a computer prqram to predict expected results for
cargo airdrops using recovery parachutes for extraction. The theoretical
results obtained from this computer program agree very well with the test

* ~ results with the exception of predicting the correct oscillation artles.

2. Bffectiveness Parameters

In order to evaluate the effectivenesc of a system, it is
necessary to examine the effects or. performance of the variances in the more
important system parameters. The T.I.E. contractor provided a list of these
parameters and a dual approach has been taken to generate the desired effective-
ness values. First, empei'ical data from the airdrop tests were used, wherever
possible, to establish these values; and second, mathematicai models were
developed, checked against the emperical data, and then used to predict
expected effectiveness in those regions where emperical data was lacking.
Due to the limited nature of the emperical data this second approach, the
use of the mathematical model, was the technique most generally employed.

The following is a list of parameters for which effectiveness
astudies were made.

0 Drop sequence and times
o Accuracy measurements
* Maximum forces and force histories

. e Impact characteristics
4 Minimum drop altitudes
e Multiple load restrictions
0 Cumulative drop times
* Compatibility with existing personnel system
* Aircraft utilization
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In additon t the above parameterst several spcfcconditionN
were evaluated whichi included environmental conditions and high altitude drop
tones,

3. Supplementary Cons iderations

of theIn addition to the presentation of the result. of investigationN
ofteeffectiveness parameters in the aforementioned report, several supple-

mentary considerations are prerented. These considerations iticlude,

* Reliability
* Sensitivity and flexibility
* Signature and residuu
* Costs

The reliability considerat ions presented include both mechanical
and human reliability. Far mechanical reliability, a listing of the failure

= sources and associated information such as numerical reliability estimates,
failure effects, detectability and failsafe features is given. The human
reliability analyses are made through comparison of the human operations -of
the EXZARP system and the standard system.

Sensitivity, for analysis purposes, was considered to be the
deviation of operational parameters such as aircraft speed and altitude. and
load weight caused by human-and instrumentation error#. A--rang., of vartation
was assigned to each parameter and the effset of these variations considered.
Flexibility was considered to be a large plannsd change in parameter values.
Again a set range of variation was considered.

The signature, residue, and cost of the 1XIMR system was
compared to the standard system and the results presented in the T.I.E. report.
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V. CONCI•USIONS AND RECOMMENDATIONS

The purpose of this program was to conduct an in-depth exploratory
development investigation of the EX!ARP concept with the objective being the
establishment of feasible and pjractical designs for a low altitude airdrop
system which uses inflation-aided recovery parachutes for extraction. To
attain the objectives, a plan employing a combination ot design, analysis alld
testing was pursued wherein the tests were a dominant factor since by th1k
means feasibility and practicality was determined. Originally It had '-een
planned to conclude the program with a series of damonstration airdrops from
a 500 foot altitude. Circumstances, however, led to termination of the
test program before this could be achieved and demonstration airdrops
employing a 151000 pound cargo were the only tests conducted at low altitude.
Development teats, however, from a 2000 foot altitude for cargoes weighing
up to 25j000 pounds were completed before termination of tho test program,
and analysis of the results indicate, that satisfactory performance from a
300 foot altitude for cargoes up to this weight value way be expected.
Mathematical models simulating the functioning of the system were checked
against experimental data from the test program and refined, where necessary,
so that generally good correlation of predicted and actual performance was
obtained. These mathematical models were then used to obtain predicted
performance in the cargo weight ranges, and for the equipment combinations,
where test results were not available. The major findings of this program
are summarized ir the following list:

I. The inflation time for parachutes equipped with inflector type
inflation aids was reduced somewhat. However, for both single .. .
and cluster parachute configurations these inflectors induced
high system oscillations and their use in the EXIARP system is
not recommended. --

2. Oscillation damping parachutes in the low cargo weight range
results in optimum performance, i.e., very low oscillation
with acceptable altitude losses. However, the added cost,
additional rigging time, and the complexity it adds to the
system is not warranted since the system without these oscilla-
tion parachutes gives acceptable (but not optimum) performance.

3-. The 95 foot centerline increased the dra• characteristic of
the G-I1A canopy signiVeanLly. Acceptable cargo vortical
velocities were 'obtained with canopy loadings of 5000 pounds/
parachute where this length centerline was installed.

4. Centerlines are highly effective in reducing the inflation time
of both the G-12D and 6-l1A parachutes. Inflation times in the
order of 5 seconds were obtained on the G-llA parachute using
a 95 foot centerline as compared to 8.5 seconds for a standard
parachute.
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5.Ud nnylo f orce attenu4ý,tors:,,-7ere used in conjunction
with rachute r,,eefing technA.Fuss to control. the peak

forces' during, ot-rAction,, and Otre forces in the suspension
lines:. af toerforce transfer. This technique provod to ha
very effective'and it development is considered to be a
mnajor 'progrpm accoi#-,A ishmant, _The peak forces were limited
to vaue telow the' 1.5 g goal. Th*e force attenuators are
the key el~ements in this system. They,'acting alone, 11.mlit
the snatch f~rce to acceptable values, and work in conjunction
with skirt, 'reef ing of the, parachutes to0 control the, opening
shook f orces. Thq attenuator. conf. gurations developed dt~ring'
the course of the test progr~am are 3itnple to fabricate and oqasy
toinstal l and 'are reconnended for this t6pe of problem. .

* . 6 1¶i f ollowning reef ing line -arrangements proved effective for '

Aeef ing the -G- 1IA parac~htteand are recommended where this
Parachute ifs -used in the EXLARP system.

Reef ing Line'Langth
Parachutes And Nutter

1 or 2 19 feet/2 second cutter *

3 or 23 feet2;seond utte
3 o 423 feet/2 second cutter

5 thru 77 *2 fe/ scn cte60 feet/4 second cutter

*Not Tested

7. Thie two and four secontd reef ing cutter~delay times are nc,>'.
optimum from .a systems stahdpoint. Hnwave.r, they, are stisndard
items and the~ improvement of system performance rt'alizedf by
optimizing their design does not warrant the devp~lopment costs.

major source of trouble in multiple parachute airdrops. When

the functio~ning times for these cutters is staggered, the
parachute which is first to be diareefed,,inflates much more
rapidly than the otbkirs andi in some instances was damaged o-r,
destroyed. The use of a qecondary reefing Vine .(60 feet
with a 4 second delay) was proposed as a control for this
problem but. termination o! tbe test program occurred before it
was tested.
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This similarity to the standard airdrop system would minimiza re-
training rtquirwments and timplify the problems of introducinig
the EX',ARP concept as vas operational system.

9. In the long cargo compavtmento of the C-141 and C.5A airplanes
and at particular cargo conf igu.rations consisting of several
units of light cargo# the EXLkRP co-cept would be subjet to
some dst~atmerit in~ airaraft utilftst;,on when compared to the

05 ~standard system. "This problem is also a function of operational
proced'4resp ioe., whether the cavnoes are airdropped sequentially
or individuaally. This utilisettot factir diminishes in impozt
avot as the weight of the individ-,:al cargoe& incre&ses and the
loading becomes weight limlited rathert. M~an space limited.

10. Further understanding leading to a definition of the limits
that can be tolerated in'the horizon~tal oscillations of the
cargo-parschute system is needed. The KMAR, end other systems
as well, are subject to these oscill.itions. it can be corrected
by'the use of oscillation parachutteo but these complicate the
system somewhat and the desire is to~avoid their use if possible.

11. The feasibility and practicality of the EY:A1P concept has been
demorstrated by actual airdrop from'500 feet for a 15,0000
pound cargo only. tue to the similarity of designi plus the
results of the 2000 foot altitude d~vtlopmental iairdrops, it
seems reasonable to project thiL propryc esiiiyt h
range of cargo weights from 2000 through 20,000 pounds. One
airdrop was performed on a 25'400 pound cargo and the trajectory
4ata obtained encourages thetpossibil~ity of including this cargo,.
in. the feasible set. TChe probabill ies, however,' do notfavor
the extension of this 500 foot altitu.de airdrop capability to
include the 35,000 pound cargoes. The theoretical studies

Uindtcate that feasibility is loot somewhere between 30,000' and
35p000 pounds and that these cargoes must ýe airdropped from a~i
increased altitude in order to satisfy acasptable cargo imp.C;-
conditioJns.

12. A good underatanding i~f the probable composition of a practice I
EXL4RP eyetem emerged from this pgro&:s., Rec;ommendatiorns as to
the composition of the equipment as a function of cargo vweight
is presented in Table IM.
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